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ABSTRACT 

We study the photometric and structural properties of spectroscopically confirmed members in the two mas- 
sive X-ray-selected z~ 0.83 galaxy clusters MS 1054-03 and RXJ0152. 7-1 357 using three-band mosaic imag- 
ing with the Hubble Space Telescope Advanced Camera for Surveys. The samples include 105 and 140 mem- 
bers of RX J0152.7-1357 and MS 1054-03, respectively, with ACS F775W magnitude z 775 < 24.0. We fit the 
2-D galaxy light profiles to determine effective radii and Sersic indices; deviations from the smooth profiles 
are quantified by the ratio of the rms residuals to the mean of the galaxy model. Galaxies are then classified 
according to a combination of this rms/mean ratio and the Sersic index; the resulting classes correlate well with 
visually classified morphological types, but are less affected by orientation. We find the size-surface brightness 
relations in the two clusters to be very similar, supporting recent results on the evolution of this relationship 
with redshift. We examine in detail the color-magnitude relations in these clusters and systematic effects on 
the residuals with respect to these relations. The color-magnitude residuals correlate with the local density, 
as measured from both galaxy numbers and weak lensing. These correlations are strongest for the full galaxy 
samples (commensurate with the morphology-density relation), but are also present at lower significance levels 
for the early- and late-type samples individually. Weaker correlations are found with cluster radius, resulting 
from the more fundamental dependence on local density. We identify a threshold surface mass density of 
£ « 0.1, in units of the critical density, above which there are relatively few blue (star-forming) galaxies. In 
RX J0152.7— 1357, there is an offset of 0.006 ±0.002 in the mean redshifts of the early- and late-type galaxies, 
which produces a trend in the color residuals with velocity and may result from an infalling foreground asso- 
ciation of late-type galaxies. Comparison of the color-color diagrams for these clusters to stellar population 
models implies that a range of star formation time-scales are needed to reproduce the locus of galaxy colors. 
We also identify two galaxies, one in each cluster, whose colors can only be explained by large amounts, Ay ~ 1 
mag, of internal dust extinction. Converting to rest-frame bandpasses, we find elliptical galaxy color scatters 
of 0.03 ±0.01 mag in (U-B) and 0.07 ±0.01 mag in (U—V), indicating mean ages of ~3.5 Gyr, similar to the 
estimates from the mean colors and corresponding to formation at z w 2.2. Thus, when the universe was half 
its present age, cluster ellipticals were half the age of the universe at that epoch; the same is coincidentally true 
of the median ages of ellipticals today. However, the most massive local cluster ellipticals have ages > 10 Gyr, 
consistent with our results for their likely progenitors at z > 0.8. 

Subject headings: galaxies: clusters: individual (MS 1054-0321, RX J0152. 7-1357) — galaxies: elliptical and 
lenticular, cD — galaxies: evolution — cosmology: observations 



1. INTRODUCTION 

Galaxy clusters have played a central role in the develop- 
ment of our understanding of the hierarchical growth of struc- 
ture and the interplay of stars, hot gas, cold dark matter, and 
active galactic nuclei (AGN). They are also valuable labora- 
tories for studying the evolution of galaxies, including galaxy 
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mass assembly, morphological transformation, gas depletion, 
and luminosity fading. With recent advances in both ground- 
and space-based observatories, we are now able to find and 
study galaxy clusters to redshifts well beyond unity, and to 
lookback times approaching 70% the age of the universe 
(e.g., Rosati, Borgani, & Norman 2002; Mullis et al. 2005). 
The emerging picture is one in which the dominant early- 
type galaxy population and the enriched intracluster medium 
formed early, at redshifts z > 2, but the clusters themselves 
were still actively assembling from smaller components at 
z ~ 1, and lower mass late-type galaxies have continued to in- 
fall from the field and undergo cessation of star formation and 
morphological transformation down to the present day (e.g., 
Dressier et al. 1997; Balogh et al. 1999; Kodama & Bower 
2001; van Dokkum & Franx 2001; Ettori et al. 2004; Kodama 
et al. 2004; Poggianti et al. 2004; Tran et al. 2005b). Poggianti 
(2004) gives a recent review of observations relevant to clus- 
ter galaxy evolution and implications for the various proposed 
evolutionary mechanisms. 

The ACS Intermediate Redshift Cluster Survey (Blakeslee 
et al. 2003a; Ford et al. 2005) is a study of galaxy clusters in 
the redshift range 0.8 < z < 1.3 using the Wide Field Chan- 
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nel (WFC) of the Advanced Camera for Surveys (ACS; Ford 
et al. 1998) on the Hubble Space Telescope {HST), as part of 
the ACS Guaranteed Time Observation (GTO) program. The 
3. '3 field-of-view of the ACSAVFC is well-suited to the size of 
galaxy clusters at these redshifts. We are studying the galaxy 
colors, morphologies, mass spectra, and star formation prop- 
erties from ACS photometry and ground-based spectroscopy, 
as well as the cluster structure and assembly from weak lens- 
ing, at z~l. The overall goal of the survey is to understand 
the evolution of cluster galaxies and their relationship to the 
evolving large-scale cluster environment over most of the his- 
tory of the universe. 

Previous papers from our survey include analyses of the 
color-magnitude relations in the z > 1 X-ray selected clus- 
ters PvDCS J1252.9-2927 and RDCS J0910+5422 (Blakeslee 
et al. 2003a; Mei et al. 2006), the morphology-density re- 
lations in all the program clusters (Postman et al. 2005); 
the size-surface brightness relations in RXJ0152. 7-1357 and 
RDCS J1252.9-2927 (Holden et al. 2005a), star-forming 
galaxy properties in RXJ0152. 7-1357 (Homeier et al. 2005), 
the luminosity function of MS 1054-03 (Goto et al. 2005), 
and weak lensing in RX J0152.7-1357, MS 1054-03, and 
RDCS J1252.9-2927 (Jee et al. 2005a,b; Lombardi et al. 
2005). Similar programs combining ground-based and 
HST/ ACS data on distant cluster samples are also being car- 
ried out by other groups (J0rgensen et al. 2005; Kodama et al. 
2005). A complementary effort within the ACS GTO program 
seeks to detect and study proto-clusters around high-redshift 
(z>2) radio galaxies (Miley et al. 2004; Overzier et al. 2006), 
at an epoch when most of the stars in our z ~ 1 clusters were 
likely forming. 

In the present work, we study the properties of confirmed 
members of the massive X-ray selected clusters RX J0152.7- 
1357 and MS 1054-03. RX J0152.7-1357 was found inde- 
pendently by a number of X-ray surveys and its properties 
have been studied with ROSAT, BeppoSAX, XMM-Newton, 
and Chandra (Ebeling et al. 2000; Delia Ceca et al. 2000; 
Maughan et al. 2003). It exhibits a complex X-ray mor- 
phology, including two main components with temperatures 
6.7t\'f) and 8.7^'g keV (I. Balestra et al., in preparation), sep- 
arated by ~ 1 '.6, that appear to be in the early stages of merg- 
ing (e.g., Girardi et al. 2005). The mean redshift of the entire 
system is z = 0.837 based on ~ 100 members (Demarco et al. 
2005), or z = 0.834 for just the early-type galaxies (see be- 
low). MS 1054-03, the most X-ray luminous cluster in the 
Einstein Extended Medium Sensitivity Survey (Gioia et al. 
1990; Gioia & Luppino 1994), has also been the target of nu- 
merous X-ray studies and has a similarly complex morphol- 
ogy (Donahue et al. 1998; Jeltema et al. 2001), although in 
its case the merger is more advanced, and the total mass is 
roughly twice that of RX J0152.7-1357. While estimates of 
the temperature of MS 1054-03 have varied widely (see Gioia 
et al. 2004 for an X-ray review of this cluster), the most re- 
cent determination using the latest Chandra calibration gives 
8.9^; ( 8 ' keV (Jee et al. 2005b). Its mean redshift is z = 0.831 
based on ~ 150 members (van Dokkum et al. 2000; K.-V. Tran 
et al., in preparation). 

The following section presents our observations of these 
two clusters and describes the basic imaging reductions. Sec- 
tion|3]describes our galaxy fits, quantifies deviations from the 
fits, and discusses the galaxy photometry and the size-surface 
brightness relations in these clusters. Section |4]presents the 
color-magnitude and color-color diagrams and investigates 
the dependence of the color-magnitude relation on cluster ra- 



dius and local density. Section |5] considers these results in 
the broader context of cluster galaxy evolution, and the final 
section provides a summary. Throughout this paper we adopt 
a cosmology with (/z, f2 m , SIa) = (0.7,0.3,0.7), giving a look- 
back time of 7.0 Gyr, an age for the universe of 6.5 Gyr, and 
an angular scale of 7.6 kpc arcsec -1 at z=0.83. 

2. OBSERVATIONS 

2.1. HST 'ACS Data 

The clusters RXJ0152. 7-1357 and MS 1054-03 were ob- 
served with the ACS/WFC using a 2x2 overlapping mosaic 
pattern. The usable area of each mosaic was about 5 f 8 on a 
side. RXJ0152. 7-1357 was observed in 2002 November in 
the F625W, F775W, F850LP bandpasses for 2 orbits apiece at 
each of the four mosaic positions. MS 1054-03 was observed 
in 2002 December in the F775W and F850LP bandpasses 
for two orbits apiece, and in 2004 January/February in the 
F606W bandpass for one orbit, at each mosaic position. The 
total orbit expenditure was therefore 24 for RX J0152. 7-1357 
and 20 for MS 1054-03. The exposure times per pointing 
for RXJ0152. 7-1357 were 4750, 4800, 4750 sec in F625W, 
F775W, F850LP, respectively, and the MS 1054-03 exposure 
times were 2025, 4340, and 4440 sec in F606W, F775W, and 
F850LP, respectively. The magnitudes in the F606W, F625W, 
F775W, and F850LP ACS bandpasses are sometimes for con- 
venience referred to as V606, f"625, '775, and z%5o, respectively. 

The images were bias-subtracted and flat-fielded with the 
standard ACS calibration pipeline (Mack et al. 2003). We fur- 
ther processed the images using the ACS GTO Apsis pipeline 
(Blakeslee et al. 2003b) to measure exposure offsets and ro- 
tations and then "Drizzle" (Fruchter & Hook 2002) the data 
onto a geometrically rectified output frame. The observations 
were processed in this way both as large mosaics, and each 
pointing separately, in order to assess measurement uncertain- 
ties. The same basic imaging data have also been used for a 
number of other studies by our team (Holden et al. 2005a; 
Homeier et al. 2005; Jee et al. 2005a,b; and Postman et al. 
2005). As in the ACS/WFC photometric study of the RDCS 
J1252. 9-2927 (Blakeslee et al. 2003a), we use an output pixel 
scale of 0."05 pix" 1 and the Lanczos3 interpolation kernel for 
Drizzle, which reduces the noise correlations of adjacent pix- 
els (see the discussion by Mei et al. 2005). Figures [l] and 13 
show the color-composite ACS images of the two clusters. 

We use the AB photometric system calibrated with the 
ACS/WFC zero points from Sirianni et al. (2005). The mag- 
nitudes are corrected for Galactic extinction according to 
Schlegel et al. (1998). The corrections for RX J0152.7-1357 
are 0.038, 0.029, 0.021 mag in F625W, F775W, F850LP, re- 
spectively, and for MS 1054-03, they are 0.098, 0.070, 0.052 
mag in F606W, F775W, F850LP, respectively. The morpho- 
logical classifications for our sample galaxies are from Post- 
man et al. (2005), who classified all galaxies in these ACS 
fields down to an AB magnitude limit of (775 < 23.5. Postman 
et al. (2005) illustrate the different morphological types with 
many example galaxies from these ACS images. 

2.2. Spectroscopic and Morphological Data 

The galaxies in our sample include all confirmed cluster 
members within the area of our ACS/WFC images from the 
spectroscopic surveys of RX J0152. 7-1357 by Demarco et al. 
(2005) and of MS 1054-03 by van Dokkum et al. (2000) 
and Tran et al. (2005a), with the VLT and Keck observato- 
ries. Those works provide full details on the spectroscopic 
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FIG. 1.— ACS/WFC F625W/F775W/F850LP color composite image showing 5' of the RX J0152.7-1357 mosaic in the observed orientation. 



observations and selection; here we briefly summarize. The 
RXJ0152. 7-1357 spectroscopic survey used photometric red- 
shifts based on BVRIJK S color data to select likely cluster 
members down to a limiting magnitude of R < 24. The 
MS 1054-03 survey targeted an /-band selected sample of 
limiting magnitude I < 22.1. In both cases, the completeness 
drops precipitously near the magnitude limits. When we inter- 
compare the results of our photometric analyses of these clus- 
ters below, we do so over common F775W magnitude ranges 
where the samples are mainly complete. We have used all 
redshifts regardless of their quality flags in the original works, 
since they are likely to be members even if their spectra are 
low quality. Thus, our samples may be more inclusive than 
those adopted for the cluster dynamical analyses in the works 
quoted above. The sample galaxies have visual morphologi- 



cal classifications from Postman et al. (2005) based on these 
ACS data. 

3. STRUCTURAL AND PHOTOMETRIC MEASUREMENTS 

Our general procedure for measuring the galaxy photom- 
etry follows van Dokkum et al. (2000) and Blakeslee et al. 
(2003a). We select galaxies in the RX J0152.7-1357 and 
MS 1054-03 fields with measured redshifts, fit their 2-D light 
profiles, remove the effect of differential blurring from the 
point spread functions (PSF) in the individual bands, measure 
the colors of each galaxy within its circular effective radius 
in each of the separate ACS mosaic pointings in which it is 
found, then average the measurements and use the scatter to 
assess the errors. In the following sections we discuss these 
steps in more detail. 
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FIG. 2.— ACS/WFC F606W/F775W/F850LP color composite image showing 5' of the MS 1054-03 mosaic field in the observed orientation. 



3.1. Profile Fitting 

We fitted the 2-d surface brightness profiles of galaxies in 
each field to Sersic (1968) models using the program GAL- 
FIT (Peng et al. 2002). For the purpose of these fits, we se- 
lected galaxies over a broad range in spectroscopic redshift 
0.6 < z < 0.9, yielding 149 and 182 galaxies with redshifts 
in the RX J0152.7-1357 and MS 1054-03 fields, respectively. 
The broad interval represents the range over which the F775 W 
bandpass provides a reasonable match to rest-frame B, and 
allows us to increases the fraction of late-type field galaxies 
at similar redshifts for purposes of comparison. Each galaxy 
was fitted to a PSF-convolved Sersic model with the position, 
orientation, major-axis effective radius R e , and ellipticity as 
free parameters, and with the index n constrained such that 



< n < 4. The upper bound is introduced because larger val- 
ues of n usually do not improve the fit much, but the covari- 
ance between n and R e can lead to an overestimate of R e for 
large n. Neighboring galaxies with (775 < 25 AB were fitted si- 
multaneously in order to avoid biasing the fits, and fainter ob- 
jects were masked. We used empirical PSFs constructed from 
high signal-to-noise stars in archival ACS/WFC images. We 
also experimented with analytic representations for position- 
dependent PSFs in these fields (Jee et al. 2005a). While these 
describe the shape of the core of the PSF very well for opti- 
mally measuring ellipticities of faint sources, they do not ad- 
equately model the scattering of light to large radii (the PSF 
halo - see Sirianni et al. 2005). As a result, the fitted R e values 
are over-estimated by 15-20%; we were able to reproduce this 
effect by truncating our empirical PSFs. Thus, we do not use 
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the variable model PSFs for this purpose. For similar reasons, 
we chose not to use PSFs generated from Tiny TIM (Rrist & 
Hook 2001). 

The Sersic profiles were fitted in both the F775W and 
F850LP bands, both with and without simultaneous fitting of 
the local sky. When not fitting the sky, we used the SExtractor 
(Bertin & Arnouts 1996) sky map to remove the background. 
In general, we obtained good agreement in R e with the var- 
ious approaches, except in a few cases where the covariance 
between the sky and galaxy profile resulted in an anomalously 
large R e and negative sky. These cases were generally clear 
from the large uncertainties in the fitted values, and we chose 
instead the results from the fits using the fixed local sky; oth- 
erwise, we used the results with the sky fitting. 

3.1.1. Effective radii 

Figure |3] compares the fitted (major-axis) R e values from 
GALFIT for the two different bands in which the fits were 
done for the two clusters. The scatter in the differences based 
on the robust biweight scatter estimator (Beers et al. 1990) 
is similar for the two fields, being about 9.5% for all galaxy 
types and 8% for just the early-types, suggesting an internal 
error in the R e determination of ~7% in each band (^6% for 
the early-types). A few late-type galaxies with irregular and 
bandpass-dependent structure are significant outliers in each 
cluster. There is also a small offset between the results from 
the two bands, with the R e values being in the median 4% 
(MS 1054-03) and 5% (RX J0152.7-1357) larger in F775W 
than in F850LP. These offsets are thus about half as large as 
the scatters. While this could result from imperfectly account- 
ing for the PSF (with the template F850LP PSF being too 
broad relative to the F775W one), because the offset does not 
depend strongly on R e , it may simply reflect the mean color 
gradient in the sample galaxies. With the exception of nuclear 
starbursts, the outer parts of galaxies tend to be bluer, and 
therefore R e is slightly larger in bluer bands; Mcintosh et al. 
(2004) have used this same ratio as a crude measure of color 
gradients in local cluster and field samples. But the effect 
here is small: if the effective radii for an 7?'/ 4 -law galaxy dif- 
fer by 4-5% in two bandpasses as a result of a color gradient, 
then the color within R e will differ by 0.02-0.03 mag from 
the color integrated to infinity. However, small changes in the 
adopted R e (e.g., choosing the R e value from one band or the 
other) will negligibly change the color measured within R e . 

We adopt the F775W-band fit results because these images 
have the highest signal-to-noise and this band approximates 
rest-frame B for the cluster galaxies. The reduced xt values 
reported by GALFIT using the Apsis error arrays are gener- 
ally good: the median and average are ~0.82 and ~ 1.0 for 
both clusters (possibly indicating a slight overestimation of 
the errors) with biweight scatters of ~ 0.15. All of the galax- 
ies in the RX J0152.7-1357 field have xt < 1-9 except the 
two cluster AGNs (Demarco et al. 2005) which yield xt ~ 10. 
There is only galaxy in the MS 1054-03 field with a similarly 
large % 2 , a highly irregular late-type galaxy that appears to 
be undergoing a gas-rich merger, although it is not one of the 
outliers in Figure [3] 

3.1.2. Sersic n parameters 

Of the fitted galaxies, 97% in each field have reliable mor- 
phological classifications from Postman et al. (2005) (we omit 
the two AGNs, as their light is dominated by the non-thermal 
emission). Histograms of the Sersic n parameters for the dif- 
ferent galaxy morphological types are shown in Figure 0] As 
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FIG. 3.— Comparison of the fitted R e values from the F850LP and F775W 
images for RX J0152.7-1357 (left) and MS 1054-03 (right). These results are 
from fits with the sky previously subtracted, rather than fitted simultaneously. 
Shaded and open symbols indicate early- and late-type galaxies, respectively. 
The dashed lines indicate unity and are not fits to the data. The lower panels 
show the difference in the R e values for the two bands divided by the average. 
The robust biweight estimator gives scatters of 9.1% and 7.0% for the full 
sample and early-types, respectively, in the left panel, and 9.7% and 8.7% for 
full and early-type samples in the right panel. 



expected, the elliptical and lenticular (SO) galaxies prefer- 
entially have larger n parameters. Among these early-type 
galaxies, 82% (81%) have n>2.5 and 92% (93%) have n>2 
in RXJ0152. 7-1357 (MS 1054-03); considering just the el- 
lipticals, these percentages become 96% (92%) with «>2.5 
and 98% (97%) withn>2. 

A more interesting question is how good is the n parameter 
at selecting out galaxy types. Therefore, we show in Figure|5] 
the fraction of early-types as a function of n. In RX J0152.7- 
1357, 18% of the galaxies (7 of 38) with n < 2 are early-type, 
while 74% (78 of 106) with n > 2 are early-type; in MS 1054- 
03, 15% (8 of 53) with n < 2 and 82% (101 of 123) with 
n > 2 are early-type. At the lowest values of n < 1, the galax- 
ies are about 90% late-type (late-types are only about 40% 
of the sample in both fields), while at the highest values they 
are about 80% early-type. The significant fraction of late-type 
galaxies with large « values occurs mainly because those fits 
are driven by one bright compact clump near the center, with 
an additional skirt of material that is fitted by an extended 
outer profile. For such galaxies, additional information con- 
cerning deviations from the smooth model, parameters mea- 
suring flocculence and/or asymmetry, would be an important 
additional discriminant, as we discuss below. 

3.1.3. Profile bumpiness 

Several approaches exist for quantifying irregular structure 
within galaxies, including galaxy asymmetry measurements 
(e.g., Abraham et al. 1996) and relative intensity variations 
on high spatial frequencies (e.g., Takamiya 1999; Conselice 
2003). In our case, we already had smooth parametric fits 
for all galaxies and wanted a simple way to measure devia- 
tions from the smooth fits. We explored several possibilities, 
including the reduced x 2 and the normalized sum of the abso- 
lute values of the residuals, but we found that a simple ratio 
of the standard deviation to the mean of the light distribution 
provided the best measure of the galaxy higher-order struc- 
ture. This is similar to the ratio of moments used in the sur- 
face brightness fluctuations (SBF) method (Tonry & Schnei- 
der 1988; Tonry et al. 1997), although there it is the vari- 
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FIG. 4. — Histograms of the Sersic index n for different galaxy morphological types in the RXJ0152. 7-1357 (left) and MS 1054-03 (right) fields. 




Sersic n 

FIG. 5. — Fraction of early-type galaxies as a function the Sersic index n for 
the fitted galaxies in the MS 1054-03 (grey histogram) and RX J0152.7-1357 
(hatched histogram) fields. 



ance divided by the mean and is measured on a very different 
physical scale. Borrowing from the SBF terminology (e.g., 
Blakeslee et al. 1997), we label this parameter the 'bumpi- 
ness' B. 

To measure this parameter, we take the residuals from the 
galaxy model subtraction, smooth them on a scale slightly 
smaller than the PSF (we used a Gaussian of FWHM = 0."085) 
to reduce the shot noise, mask any region within a 2 pix radius 
of the galaxy center to avoid problems related to central de- 
viations from the Sersic profile or slight PSF mismatch, mask 
any other pixels that were masked before fitting, measure the 
root mean square (rms) of the unmasked residuals within 2 R e , 
and divide by the mean of the galaxy model over the same ex- 



act region. That is, we measure: 

V* £,„<:», [hj-S(xi,yj\R e ,n)] 2 s -(T} 
B= : , (1) 

NT,r u <2R l , S ( X i>yj\ R e>n) 

where the sum is over all pixels within 2R e , omitting the 
galaxy center and masked pixels as described above; N is 
the number of unmasked pixels over which the sum is eval- 
uated; Ij j is the galaxy intensity of pixel S is the PSF- 
convolved Sersic model with fitted parameters R e and n; the 
subscript s in the sum indicates smoothing on a scale slightly 
less than the PSF; and a s is an estimate of the photometric 
error in the smoothed residuals. 

Figure [6] shows B plotted against Sersic n index for galax- 
ies in the RX J0152.7-1357 and MS 1054-03 samples. These 
parameters can be used to segregate galaxies by broad mor- 
phological type; we find the following demarcation lines work 
fairly well: Bu e = 0.065 (n + 0.85) (separating early- and late- 
types); Bso/e = 0.05 (n — 1) (separating SOs and Es). While we 
make no claim for universality, we find that these lines work 
equally well for both of these massive z ~ 0.83 clusters ob- 
served in very similar manners with the ACSAVFC. Figure^! 
is similar to the previous figure, but restricts the redshifts to 
be in the range of the clusters, and now code the point type ac- 
cording to the galaxy photometric color. It is remarkable that 
several of the visually classified early-type galaxies that lie 
near or above the late-/early-type demarcation line are found 
to have blue colors, even though the analysis is done in a sin- 
gle band (2775 ~ rest-frame B) without regard to color. 

We quantify the accuracy of this automatic "B-n classifica- 
tion" by calculating what fraction of the B-n classes have the 
same "by-eye" classification from Postman et al. (2005), and 
conversely, what fraction of the by-eye classes were "recov- 
ered" by the B-n classes. For the broadest separation between 
early (E+S0) and late types, we find that 91% of the galaxies 
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classified as early-type with the B-n relation are also classi- 
fied as early-type by eye, while 96% of the by-eye early-types 
are also classified as early-type with the B-n relation. On the 
other hand, 92% of the B-n late-type galaxies are classified as 
late-type by-eye, while 80% of the by-eye late-types are clas- 
sified as late-type with B-n. Thus, there is some tendency to 
classify galaxies as earlier type with the chosen B-n segrega- 
tion lines. For the more difficult separation between elliptical 
(E) and lenticular (SO), 61% of the B-n SOs are classified as 
SO by eye, while 58% of the by-eye SOs are classified as SO 
with B-n. Furthermore, 72% of the B-n Es are classified as 
E by eye, while 83% of the by-eye Es are classified as E with 
B-n. Thus, not surprisingly, the agreement for the middle SO 
class is lowest, but still a respectable ~60%. 

Figure [8] shows for comparison plots of the asymmetry 
A versus concentration index C (e.g., Abraham et al. 1996) 
for galaxies in the RX J0152.7-1357 and MS 1054-03 fields, 
measured using PyCA (Menanteau et al. 2006). This com- 
bination of parameters also effectively separates early- and 
late-type galaxies, but there is no clear separation of the SO 
population from the ellipticals. The most similar automatic 
classification method in the literature to the B-n approach 
given here was presented by Im et al. (2002). They fitted their 
sample galaxies using GIM2D (Simard et al. 2002) and found 
that plotting the bulge-to-total ratio B/T versus a parame- 
ter called R (the sum of the symmetric and anti-symmetric 
summed absolute values of the fit residuals, normalized by the 
total galaxy light) provided good separation between early- 
and late-type galaxies but not SOs and ellipticals. 

Figure |9]compares the histograms of axial ratios b/a for E 
and SO galaxies classified from the by-eye and the B-n analy- 
ses. J0rgensen & Franx (1994) found a strong deficit of round 
SO galaxies in the nearby Coma cluster and concluded that 
projection effects played an important role in the visual clas- 
sifications, such that face-on disk galaxies are preferentially 
classified as E. The ellipticity distribution of the Coma SO 
galaxies could not be satisfactorily matched with any simple 
distribution of intrinsic ellipticities viewed at random orienta- 
tions (calculated as in Sandage et al. 1970). Their best-fitting 
model of the intrinsic SO ellipticities was a Gaussian distri- 
bution with mean 0.65 (mean axial ratio 0.35) and dispersion 
0.1, but it had a probability of only 11% based on a K-S test 
(partly because of this, they concluded that the fainter E and 
SO galaxies form a single class with the individual classifi- 
cations being determined by bulge-to-disk ratio and observed 
orientation). We include the expected distribution from J0r- 
gensen & Franx's best-fitting SO-alone ellipticity model in 
Figure|9l it predicts a mean observed axial ratio of 0.61. This 
mean will drop if the disks are more intrinsically flattened, but 
the frequency distribution should remain flat as it approaches 
b/a r~ 1; a dip at high values indicates the objects are signif- 
icantly triaxial (or prolate, e.g., van den Bergh 1994), or that 
there is an orientation bias. 

For these clusters, the by-eye and B-n classifications yield 
similar relative numbers of elliptical and SO galaxies, and 
we find mean observed axial ratios for the visually classified 
SOs of 0.56 in RXJ0152. 7-1357 and 0.48 in MS 1054-03, 
while for the B-n classified SOs, the mean ratios are 0.59 in 
RXJ0152.7-1357 and 0.57 in MS 1054-03. These are fairly 
small differences; however, the distributions at high values of 
b/a are more uniform for the B-n SOs, especially in MS 1054- 
03. Based on a K-S test, the probabilities that the by-eye clas- 
sified SOs have the same axial ratio distribution as the ran- 
domly oriented disk model are 4% and 0% for RX J0152.7- 



1357 and MS 1054-03, respectively; these probabilities be- 
come 19% and 35%, respectively, for the B-n SOs. That is, 
the ellipticity distributions of these galaxies are now reason- 
ably consistent with oblate spheroids viewed at random ori- 
entations. 

The B parameter can distinguish SOs because these galaxies 
have both strong bulge and disk components, meaning that the 
ellipticity and radial slope of the isophotes change with radius, 
causing deviations from the fitted simple 2-D Sersic models. 
There is likely still some orientation bias, since the ellipticity 
will change less for more face-on systems, but the lower mean 
n value of SOs regardless of orientation, and the bumpiness 
caused by the change in slope, make this method relatively 
robust. While we consider these results promising, we will 
generally stick to the by-eye classifications for consistency 
with past works and because of the extensive tests performed 
by Postman et al. (2005), though we do compare the color- 
magnitude diagra ms of the B-n classified types to the visually 
classified ones in 34. II 

3.2. Size-Surface Brightness Relation 

Holden et al. (2005a) study the evolution of the early-type 
galaxy size-surface brightness relation (Kormendy 1977) 
in three rich clusters out to redshift z = 1.24, including 
RXJ0152. 7-1357. They find an evolution in the rest-frame 
B-band surface brightness with redshift of (-1.13 ±0.15) xz 
mag, similar to the value obtained from the fundamental plane 
(Holden et al. 2005b). This result for the evolution depends 
on the universality of the size-surface brightness relation at a 
given redshift. 

In Figure [H)] we compare the relations obtained from our 
galaxy surface brightness modeling for RXJ0152. 7-1357 
and MS 1054-03 in the i 715 band. Following Holden et al. 
(2005a), we use the equivalent circular effective radius r/, = 
Re \/ (b/a), where b/a is the fitted mean axial ratio, and 
we restrict the sample to galaxies with r/, > 0."1 and 1775 < 
23. The solid lines in the two panels show the relation for 
RXJ0152.7-1357 from Holden et al.: (maOto)) = 21.41 + 
2.92 log 1() (r/,/0."3), while the dashed lines show the fitted 
linear relations for the two samples. For RXJ0152. 7-1357, 
our result (using the same basic imaging data as Holden 
et al. 2005a, but different fits) is nearly identical: (nhihis)) = 
(21.43 ±0.05) + (2.91 ±0.15) log 10 (^/0."3), where we quote 
bootstrap errors. For MS 1054-03, we obtain: (/i/jOto)} = 
(21.29 ±0.04) + (2.82 ± 0.23) log 10 (r,,/0"3). The biweight 
scatters for these fits are 0.37 ± 0.04 and 0.38 ± 0.04 mag for 
RXJ0152.7-1357 and MS 1054-03, respectively. Thus, the 
slopes and scatters are identical within the errors, and there is 
an offset of 0.14 mag, or 2.2 a, in the zero point (the offset is 
the same if we force identical slopes). The offset is therefore 
marginally significant, but consistent with the scatter in the 
evolution found by Holden et al. (2005a). 

There is only one 3-a outlier in the two panels, the blue SO 
which appears anomalously faint by 3.5 a in the plot of the 
MS 1054-03 size-surface brightness relation. It may seem 
surprising that a blue galaxy would have an anomalously faint 
surface brightness, since the blue color would likely indicate 
recent star formation that would tend to brighten the galaxy. 
However, this galaxy (ID #24) is composed of a bright nu- 
cleus (or knot of star formation) offset from the center of an 
extended low-surface brightness disk. The fitted Sersic pa- 
rameter is 1 .6, or nearly exponential, and the B-n parameters 
indicate it is late-type. The bluer F606W band (approximately 
rest-frame U) shows irregular, or possibly spiral, structure in 



8 



Blakeslee et al. 



.05 



"i i i i I i i i i i i i i i I i i i i I i r 



x ★ 

□ * * 

w "w „ 



□ 



RXJ0152 



• •• 



J I I I I I UJ I I I I I I I I I I I I I L 



2 3 
Sersic n 



in 
in 

a 
ft 



pq 



.05 



"I I I | I I I I [ 
n 

* 

% ^ &H ir 



□ x 



MS1054 



"i i i r 

A 



"i r 



□ 

□ 



■ a-. 



c- - 



V> ■ ■ P 



2 3 
Sersic n 



FIG. 6. — "Bumpiness" parameter - ratio of the rms of residuals after galaxy model subtraction to the mean galaxy model - is plotted versus the n index of 
the fitted Sersic model for galaxies in the RXJ0152. 7-1357 and MS 1054-03 fields. Point shapes are coded according to broad morphological type: ellipticals 
(circles), SOs (squares), SO/Sa (triangles), spirals (four-point stars), and irregulars (five-point stars). Colors vary from red to blue according to finer morphological 
T-type; ellipticals of types —5 and -4 are colored red; orange squares represent earlier-type SOs than yellow squares; the yellow-green triangles are T=0 
transition objects; green-blue is used for early spirals, and bluer colors are for progressively later-type galaxies. The upper dashed curve in each panel is the 
linear relation B = 0.065 («+0.8), which approximately splits the sample between early- and late-type galaxies. The lower curves are B = 0.05 (n-l), a suggested 
division between SOs and ellipticals. 




2 3 
Sersic n 



2 3 
Sersic n 



FIG. 7. — Bumpiness versus Sersic n parameter with point color coded according to photometric color. This plot is similar to Figure|S| but here the colors 
of the symbols are coded according to the galaxy (f625 _ Z85o) (RXJ0152. 7-1357) or (V606 _ Z85o) (MS 1054-03) color. We use SExtractor isophotal colors here 
in order to avoid an explicit dependence of the photometric aperture used for the color measurement on the profile fitting used to determine the bumpiness and 
n parameters. Further, we restrict the redshift range of the galaxies to z = 0.80-0.87, so that the colors accurately reflect stellar population, rather than redshift, 
variations. The symbol color varies from deep blue for galaxies 2 a bluer than the median color to deep red for the photometrically reddest galaxies. 
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FIG. 9. — Histograms of galaxy axial ratios determined from GALFIT for SOs (blue histograms with narrower hatching) and ellipticals (red histograms with 
broader hatching) classified by eye (left) and from the bumpiness-« classifications described in the text and preceding figures. The thick black curves show the 
expected distribution from a "random disk" model of the SOs: oblate ellipsoids of mean intrinsic axial ratio 0.35 and Gaussian dispersion 0.1 viewed at random 
orientations. 
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FIG. 10. — Size-surface brightness relations in RXJ0152. 7-1357 and 
MS 1054-03. Circular effective radius r;, is indicated along the horizontal 
axis in arcsec at bottom and in kpc at top. Symbol color is coded according 
to galaxy photometric color as in Figures Q Solid lines show the relation 
for RX J0152.7-1357 from Holden et al. (2005), while dashed lines are least- 
squares fits to the plotted points. The slopes and scatters are the same within 
the errors, and there is a small offset of ~ 0.1 mag. 



the low-surface brightness disk. We conclude that this is a 
late-type galaxy; however, leaving it out of the fit does not 
significantly change any of the above fit parameters. 

3.3. Galaxy Photometry 

Before measuring the galaxy colors, we apply the CLEAN 
algorithm (Hogbom 1974) to 'postage stamp' images of the 
program galaxies using the same routine as Blakeslee et al. 
(2003a) in order to remove the differential blurring effects of 
the PSF in the different bands. This is particularly impor- 
tant for colors involving the F850LP bandpass because of the 
long- wavelength halo in the ACS CCDs (Sirianni et al. 1998, 
2005). For instance, the point-source aperture correction to 
the (r625-Z85o) color is 0. 15 mag for a radius of 0." 15, dropping 
to 0.07 mag at 0."25 and 0.03 mag at 0"5. We use CLEAN 
because it is straightforward to enforce flux conservation by 
adding the residuals from the method back to the derived 
CLEAN maps. But first the CLEAN maps are smoothed with 
a 3 x3 Gaussian in order to reduce the pixel-to-pixel noise that 
results from this algorithm. In order to minimize the effects 
of color gradients, we then measure the galaxy colors within 
one equivalent circular effective radius r/, = R e y/b/a, where 
R e is the major-axis effective radius and b/a is the mean axial 
ratio, both as determined by GALFIT. 

We measure the galaxy colors in this way in each of the four 
separate ACS/WFC pointings in which they are found, and 
then average the colors for galaxies imaged in multiple point- 
ings. The scatter in the multiple measurements is then used to 
estimate the random error in the colors. This error for single- 



pointing observations is typically around 0.02 mag for galax- 
ies of magnitude £775 = 22 and ~ 0.03 mag at z'775 = 23. These 
errors are larger than in our study of RDCS J 1252.9-2927 be- 
cause we have fewer orbits per pointing here. We also found 
some (^0.02 mag) systematic variation in the galaxy pho- 
tometry with position in the image, apparently resulting from 
imperfect flat fielding. We were only partially successful in 
removing this effect; details are provided in AppendixlAl 

3.4. Redshift Corrections 

The galaxies in both RXJ0152. 7-1357 and MS 1054-03 
have large velocity ranges, and this adds additional scatter 
to their observed colors. The main effect comes from the 
4000 A break moving through the F775W bandpass at red- 
shifts above ~0.8, causing the (^25-/775) and (V606~ '775) col- 
ors to become bluer and ((775-2850) to get redder. The cluster 
velocity dispersions can add more than 0.02 mag of scatter in 
these colors for early-type galaxy spectra, while the broader 
baseline (r625~Z85o) and (V606 - Z85o) colors are not very sen- 
sitive to the redshift variation within these clusters. We fit- 
ted the early-type galaxy color variations over the 0.80-0.87 
redshift range of these cluster and determined the following 
corrections: A(V606~*'775) = 1-0 x Az, A(r 6 25-'775) = 1-2 x Az, 
and A(i775— Z850) = —1.5 x Az, where Az is the offset in red- 
shift with respect to the cluster mean. The (V606~Z85o) an d 
(rg25-Z85o) color corrections, which are the appropriate sums 
of the other corrections, are smaller because the 4000 A break 
lies between the two bandpasses. We apply the corrections 
only for the early-types, as their intrinsic color scatter is 
small, and thus the corrections can be significant. Late-type 
galaxies would have smaller corrections because their spec- 
tra are less steep through the F775W band, and the effect 
is generally negligible compared to the intrinsic color scat- 
ter. We adopt (z) = 0.834 ±0.001 as the mean systematic red- 
shift for RX J0152. 7-1357 because it is the biweight mean of 
the 68 confirmed early-type members (the median is 0.833), 
although the median and biweight mean of the full ^100 
galaxy sample is 0.836 (and the straight average is 0.837). 
For MS 1054-03 we use (z} = 0.831, which is the median and 
mean of both the full and early-type samples. The difference 
in i'775 magnitude between these two mean cluster redshifts for 
an early-type galaxy spectrum is < 0.02 mag (from distance 
modulus and ^-correction); the difference in (1775— Zsso) would 
be < 0.007 mag, while the difference in (r625-Z85o) would be 
< 0.001 mag. 

Tables ^ and [2] present all of our measurements from 
both the structural (Sersic fits and bumpiness measurements) 
and photometric analyses. The galaxy coordinates for the 
MS 1054-03 members have been omitted from Table [2] be- 
cause the analysis of the spectroscopic sample is ongoing; 
however, our ID numbers will be cross-referenced when the 
membership catalogue and coordinates are published (K.- 
V. Tran et al., in preparation). 

4. COLOR-MAGNITUDE AND COLOR-COLOR RELATIONS 

We use the colors as measured in the preceding section 
and adopt total magnitudes from the SExtractor (Bertin & 
Arnouts 1996) "MAG_AUTO" parameter (with a Kron factor 
of 2.5) to study the galaxy color-color and color-magnitude 
relations in RX J0152.7-1357 and MS 1054-03. The SExtrac- 
tor MAG_AUTO correlates well with the GALFIT total mag- 
nitudes for early-type galaxies, with a biweight scatter in the 
differences of 0.14 mag for RX J0152.7-1357 and 0.12 mag 
for MS 1054-03 over a 4 mag range. But there is an offset of 
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0.20 ±0.01 mag in both cases, in the sense that MAG_AUTO 
misses ^20% of the light. This is consistent with the con- 
clusions of Bemtez et al. (2004), based on extensive test- 
ing of SExtractor using simulated galaxy images. However, 
MAG_AUTO is more robust than the GALFIT magnitudes for 
late-type galaxies, which often are not well approximated by 
Sersic profiles. We therefore adopt the MAG_AUTO values but 
with an overall 'aperture correction' of -0.20 mag. The ran- 
dom error in the total magnitude does not add significantly to 
the scatter in the color-magnitude relation because the slope 
is so shallow. 

4.1. Color-Magnitude Diagrams 

We adopt a value of M* B = -21.2 AB mag for the fiducial 
magnitude of the Schechter (1976) function in the Johnson B 
band at z = 0.83, based on the Norberg et al. (2002) galaxy 
luminosity function with B « by + 0.25 and -0.95 mag of lu- 
minosity evolution (van Dokkum & Stanford 2003; Holden 
et al. 2005b). This corresponds to an observed magnitude of 
Z7 75 = 22.0 ±0.1 AB for an early-type spectrum, and agrees 
well with the best-fit value obtained by Goto et al. (2005) in 
fitting the galaxy luminosity function of MS 1054-03. 

Figures^Jand^lshow the color-magnitude diagrams for 
the confirmed members of both clusters. The different visu- 
ally classified morphological types are represented as circles 
(ellipticals), SOs (orange squares), and stars (late-type galax- 
ies). All the colors are shown as a function of /77s magnitude 
to facilitate intercomparison of the plots. Remarkably, there 
are no blue early-type galaxies in RXJ0152. 7-1357 brighter 
than M* ((775 < 22). Fainter than this, there are several blue 
SO galaxies, but only two significantly blue ellipticals (5 a or 
more bluer than the "red sequence," the main locus of early- 
type galaxies). The situation is similar in MS 1054-03: there 
are a few early-type galaxies that scatter towards the blue at 
(775 < 22, but the very blue SOs are fainter than i'775 = 22.2, 
and there are no very blue ellipticals brighter than (775 = 23. 
In both clusters, late-type galaxies at magnitudes (775 > 21 
scatter far to the blue. Thus, the star-formation is occurring in 
mainly faint, low-mass systems. 

4.1.1. Scatters 

To assess the color scatter and offsets of the different galaxy 
subsamples within each cluster, we first fit linear relations to 
the color-magnitude data for all the elliptical members, down 
to a magnitude limit of (775 = 23.0, where the samples are 
largely complete. For the purposes of this fit, we use simple 
least squares with iterative 3-er clipping of the outliers, as in 
Blakeslee et al. (2003a). Van Dokkum et al. (2000) used a lin- 
ear fit that minimized the bi weight scatter estimator, but found 
the result differed negligibly from the clipped least squares 
fit. For RXJ0152. 7-1357, we obtain the following linear re- 
lations: 

(r 6 25-*775) = (1-267 ± 0.008) -(0.007 ± 0.011) (h 15 -22) 
(*775-Z85o) = (0.698 ±0.008)-(0.012±0.011)(/ 7 75-22) (2) 
(r 62 5-Z85o) = (1.961 ±0.015)- (0.023 ±0.019) (/ 775 - 22) . 
For MS 1054-03, we obtain: 

(V6O6-/775) = (l-586±0.009)-(0.042±0.014)(/ 77 5-22) 
OV75-Z850) = (0.670 ±0.007)- (0.037 ± 0.01 1)0' 7 75- 22) (3) 
(V606-Z850) = (2.270 ±0.015)-(0.064±0.023)(/ 775 -22) . 

We then calculate the offsets and scatters with respect to these 
relations using the biweight location and scatter estimators 



(Beers et al. 1990) for various galaxy subsamples within each 
cluster. The subsamples include groups based on morphol- 
ogy and magnitude alone; morphology, magnitude, and radial 
position; and morphology, magnitude, and local mass density. 
Tableland Table|4]present the results of these calculations for 
RX J0152.7-1357 and MS 1054-03, respectively. All uncer- 
tainties are estimated from bootstrap resampling. The intrin- 
sic scatters <7j nt for the subsamples are est imat ed by correcting 
for the measurement errors described in 33.31 

Tables [3] and 0] reveal several interesting results on the 
galaxy populations in these two clusters. First, as is typ- 
ical, the elliptical galaxies have the smallest color scatters. 
In RXJ0152. 7-1357, the SOs exhibit color scatters roughly 
50% larger, while in MS 1054-03, the difference is a fac- 
tor of two. However, in neither cluster is there a significant 
offset in the biweight mean locations of the ellipticals and 
SOs brighter than (775 = 23. The late-type confirmed mem- 
bers in MS 1054-03 scatter more to the blue than those in 
RXJ0152. 7-1357, but this is likely the result of the selec- 
tion process in RXJ0152. 7-1357, where very blue members 
would be less likely to be included in sample (see Demarco 
et al. 2005). 

The tables also show results for subsamples limited in ra- 
dius and local surface density S, expressed in units of the crit- 
ical density £ c = ^ c c Dl ^ , where Di is the angular diameter 
distance of the cluster lens, and (f3) is the mean ratio of the an- 
gular diameter distances between lens and source and between 
observer and source. In Jee et al. (2005a,b), ((3) is determined 
to be 0.282 and 0.290, for CL0152 and MS 1054, respectively; 
thus, £ = 1 corresponds to a surface mass density of ~ 3650 
Mq pc~ 2 (the mass-sheet degeneracy was lifted based on para- 
metric fitting results). For the radius in RXJ0152. 7-1357, 
since there are two similarly massive concentrations merging, 
we use the harmonic mean of the radii from the two centers, 
as given by Demarco et al. (2005); the harmonic mean is con- 
stant on elongated contours that roughly follow the constant 
density contours. The local densities are taken from the weak 
lensing mass maps of Jee et al. (2005a,b). We find that for 
RXJ0152. 7-1357, the scatter is essentially unchanged for ei- 
ther the elliptical (E) or early-type (E+S0) subsamples when 
only galaxies within a mean radius of 1 'A (0.5 Mpc) are used. 
However, there are marginally significant reductions in the 
scatter when only galaxies in locations with £ > 0.1 are used. 
Since the azimuthally averaged £ reaches 0. 1 at a radius near 
\'.\ (Fig. 16 of Jee et al. 2005a), these two different types 
of selection yield about the same number of objects, and the 
lower scatter in the density-selected subsample reinforces the 
conclusion that the local density is responsible for the galaxy 
transformations. 

On the other hand, for MS 1054-03, the reduction in color 
scatter is about the same for the R < 1 '. 1 and £ > 0. 1 samples. 
But the mass distribution is rounder in this cluster, making ra- 
dius a better tracer of surface density (outside the complex 
central region), as well as more extended, so the mean sur- 
face density reaches 0.1 at a larger radius of nearly two ar- 
cminutes. The R < l.'l radial cut effectively occurs at a mean 
surface density £ w 0.16, and includes ^30% fewer galaxies. 
Thus, we again conclude that density is more important than 
radius, and will examine these effects further in the following 
sections. 

We have also computed the offsets and scatters for sam- 
ples using a brighter magnitude cut of (775 < 22.5 and find 
that the scatters are also reduced using this cut, particularly in 
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FIG. 1 1. — Color-magnitude relations in RXJ0152. 7-1357 for visually-classified ellipticals (red circles), SOs (orange squares), and late-type galaxies (blue 
stars); two spectroscopically identified AGNe are represented by crosses. The dashed lines indicate the fitted relations for the elliptical galaxies given in the text. 
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FIG. 12. — Color-magnitude relations in MS 1054-03 for visually classified ellipticals (red circles), SOs (orange squares), and late-type galaxies (blue stars). 
The dashed lines indicate the fitted relations for the elliptical galaxies given in the text. 
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MS 1054-03, for which the V(,o6 data are only a single orbit 
and shallower than the rest of the images. For RXJ0152.7- 
1357, the reduction in scatter is less for this magnitude cut 

than for the density cut. 

Finally, we note that in S13.1.3I we discussed an alternative 
set of morphological classifications based on the bumpiness B 
and Sersic index n parameters. We find that the fitted linear 
relations and scatter measurements using these B-n classifi- 
cations are virtually identical to those found above using the 
more standard visual ones, as expected from the good corre- 
lation between the two types of classification. This is highly 
promising for future large datasets lacking visual classes. 

4.1.2. Color Evolution 

In order to assess which of the measured colors is most 
"useful," we show in Figures [T31 and IT4l the predictions for 
our measured color-indices at z ~ 0.83 for single-burst stellar 
population (SSP) and exponentially declining star formation 
models ("r models") with time constant r = 0.5 Gyr. Nei- 
ther type of model is very realistic, since they both neglect 
chemical evolution. However, the r models evolve more 
smoothly because they mix stars at a range of ages, and thus 
avoid the artificial "bumps" seen in Figure^] when stars of 
a single specific spectral type suddenly come to dominate the 
galaxy spectrum. We see that solar-metallicity populations of 
ages ~ 4-5 Gyr, or higher metallicity models of ages 1.5-3.5 
Gyr, can approximately reproduce the galaxy colors (the well- 
known age-metallicity degeneracy in broad-band colors, e.g., 
Worthey 1994). We return to this below in the presentation of 
the color-color diagrams. We also note that the broadest base- 
line colors, (r625-Z85o) for RXJ0152. 7-1357 and (V606-Z85o) 
for MS 1054-03, are the most sensitive to age and metallicity 
changes, while being the least sensitive to photometric errors 
and the small changes in redshift (since the 4000 A break lies 
in the 1775 band). We therefore concentrate on these colors 
when examining trends with radius and density below. 

4.2. Dependence on Cluster Radius and Density 

Figure[2]shows the deviations of the galaxy colors from the 
elliptical galaxy color-magnitude relations, given by Eqs. [5] 
and |3] as a function of radius. We use the broadest base- 
line colors for the reasons given immediately above and plot 
only galaxies with 1775 < 23, the limit used for the color- 
magnitude fits. We tested the significance of the correla- 
tions between color residuals and cluster radius, for differ- 
ent galaxy classes and the population as a whole, using both 
Spearman rank ordering and Pearson's r. Table|5]shows these 
estimated significance levels, as well as those for the number- 
and mass-density correlations discussed below. In both clus- 
ters, the overall galaxy populations (all types) become signif- 
icantly bluer with radius. This results from the well-known 
morphology-density relation (Dressier et al. 1980) and the 
fact that late-type galaxies are bluer. There is no strong ev- 
idence for correlations in the color residuals for individual 
galaxy classes with radius, although there is some correlation 
for the combined early-type (E+S0) galaxies in RX J0152.7- 
1357. 

The correlations become stronger when plotted against 
measures of the local density. Figure[^]shows the same color 
residuals, but now plotted as a function of galaxy number den- 
sity as calculated by Postman et al. (2005). As evident from 
Table |5] the colors for the full galaxy sample in both clus- 
ters show strong correlations with number density based on 



both measures of significance. This again mainly reflects the 
segregation between the spatially concentrated red early-type 
and dispersed blue late-type galaxies. However, now we also 
find significant color-density correlations for the early-type 
galaxies in RX J0152. 7-1357 and for the late-type galaxies in 
MS 1054-03, but not other subsamples within these clusters. 
Figure [T7lplots the color residuals against surface mass den- 
sity £ from the weak lensing maps of Jee et al. (2005a,b). 
Once again, the correlations for the full samples are highly 
significant. Furthermore, in RXJ0152. 7-1357, there is at 
least some evidence for correlations for each of the individual 
subsamples, although the evidence is weak (~ 1.5cr) for the 
late-type subsample. Conversely, in MS 1054-03, we find the 
strongest evidence for correlation in the late-type galaxy sub- 
sample, weak evidence for ellipticals, and no correlation for 
the SOs, which show considerable color scatter in MS 1054- 
03. 

While the significance levels are worth computing, it is 
more enlightening to observe the basic features of Figures ITol 
and[l7l In RXJ0152. 7-1357, it is striking that there are no 
blue cluster members (brighter than !775=23) at number densi- 
ties > 300 galaxies Mpc or mass densities S > 0.12 (~440 
M Q pc 2 ). Similarly, the emission line galaxies in this cluster 
are found outside the regions of highest number density and 
X-ray emission (Demarco et al. 2005; J0rgensen et al. 2005; 
Homeier et al. 2005). Tanaka et al. (2005) also find that the 
colors of galaxies go from predominantly blue to predomi- 
nantly red above some local number density in RX J0152.7- 
1357 and other clusters. Using the ACS GTO cluster sample, 
Homeier et al. (2006) find a difference in the mean colors of 
late-type field and cluster galaxies, consistent with the color- 
density trends that we find for the late-type cluster galaxies. 

In terms of surface mass density from weak lensing, Gray 
et al. (2004), using COMBO-17 data, observed a similar 
threshold for the presence of blue galaxies in the A901/A902 
supercluster. However, they found that the abrupt transforma- 
tion from star-forming to quiescent galaxies occurred mainly 
at faint luminosities, one magnitude below M*; the trend still 
remained for brighter galaxies, but was weaker and more 
gradual. Our sample only reaches to a limit of M* + 1, yet 
we find the transition to be clear and abrupt in RXJ0152.7- 
1357. This suggests that the time scale for shutting off star- 
formation in galaxies being accreted from the field is short 
(much less than the ~ 1 Gyr crossing time). Moreover, all the 
galaxies (both early- and late-type) at the lowest mass den- 
sities £ < 0.02 in this cluster lie below the linear fit the red 
sequence. This may also be an age effect: a consequence 
of star-formation occurring earlier in larger dark matter halos, 
coupled with the mass segregation of dark matter halos within 
the cluster. 

Similar, but less striking, trends are present in MS 1054- 
03, with the transition between purely quiescent and predom- 
inantly star-forming galaxies occurring more gradually be- 
tween £ ~ 0.2 and £ ~ 0.1 Fainter galaxies with 2775 > 23 
are primarily blue and late-type, in regions with £ < 0.1, so 
adding these makes this threshold appear stronger. The ellip- 
ticals in the lowest density regions, S < .1, again lie mainly 
below the locus of the red sequence. But the ACS weak lens- 
ing map for MS 1054-03 does not reach surface densities as 
low as in the outer parts of the RXJ0152. 7-1357 field. 

4.3. Effects of Cluster Substructure 

Both RXJ0152.7-1357 and MS 1054-03 are structurally 
complex, having multiple subclumps in the galaxy, mass, and 
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Age (Gyr) Age (Gyr) 

FIG. 13. — Predicted evolution in the observed colors for Bruzual & Chariot (2003) single-burst stellar population (SSP) models of metallicity Z = 0.008 
(dashed line), Z = 0.02 (solid line), and Z = 0.05 (dot-dashed line). The shaded areas delineate the 2-cr loci of the elliptical galaxies in RXJ0152. 7-1357 (left) 
and MS 1054-03 (right). The vertical dotted line indicates the approximate age of the universe at this redshift. 




Age (Gyr) Age (Gyr) 

FIG. 14. — Predicted evolution in the observed colors for Bruzual & Chariot (2003) exponentially declining star formation models of decay constant r = 0.5 
Gyr (no cutoff time), and metallicities Z = 0.008 (dashed line), Z = 0.02 (solid line), and Z = 0.05 (dot-dashed line). The shaded areas delineate the 1—a loci of 
the elliptical galaxies in RX J0152. 7-1357 (left) and MS 1 054-03 (right). The vertical dotted line indicates the approximate age of the universe at this redshift. 
Comparison of these models to the SSP ones in Figure [T3l illustrates how small changes in star-formation history can affect the color evolution. While these are 
still not true chemo-evolutionary models, they are probably more realistic in predicting smoother evolution. 



X-ray maps (see references in §1). RXJ0152. 7-1357 also 
presents a complex velocity histogram with multiple distinct 
peaks, indicating the cluster is far from dynamical equilibrium 
(Demarco et al. 2005; Girardi et al. 2005). The velocity dis- 
tribution appears more regular in MS 1054-03 (van Dokkum 
et al. 2000). We wish to examine the galaxy colors as a func- 
tion of velocity (redshift) and look for differences relating to 
the cluster substructure. 
Figure [DO shows the (r 6 25-Z85o) and (V606-Z85o) deviations 



from the elliptical galaxy relations in Eqs.[2]and[3]as a f unc . 
tion of galaxy redshift. The size of the redshift interval is 
the same in both panels; clearly, RX J0152.7-1357 is more 
dispersed and multimodal. Adopting the nomenclature from 
Demarco et al. (2005), the southern clump is centered at z = 
0.830, the northern clump at z = 0.838, and the much smaller 
eastern clump near z ~ 0.845. There is also a more diffuse 
swath of galaxies, mainly off to the west, with z ~ 0.866. De- 
spite this complex velocity structure, we find no clear trends 
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FIG. 15. — Residuals with respect to the elliptical galaxy color-magnitude 
relation in RXJ0152. 7-1357 (top) and MS 1054-03 (bottom) as a function 
of radial distance from the cluster centers. Symbols are as in FigJTTl Since 
there are two major, distinct mass centers in RXJ0152. 7-1357, we use the 
harmonic mean of the radii from the two centers, defined as in Demarco et al. 
(2005), in this case. For MS 1054-03, we use the location of the centrally 
dominant cD galaxy. 



in the mean colors of the early-type galaxies as a function of 
redshift. We note that we have applied small corrections to 
the galaxy colors to correct for bandpasses differences with 
redshift, but these are negligible for (?"625-Z85o) at z«0.83 be- 
cause the 4000 A break lies between the two bandpasses, in 
the ;'775 band. 

However, there is an overall trend of galaxy color becom- 
ing bluer with velocity in RXJ0152. 7-1357. This is caused 
by the presence of a significant velocity offset between the 
early- and late-type members of the cluster. We find biweight 
mean redshifts of 0.8337 ± 0.0012 and 0.83970 ± 0.0017 for 
the early- and late-types, respectively (the medians are 0.833 
and 0.840). This is a 3 a difference, corresponding to about 
1000 km s -1 , and may indicate a large association, or sheet, 
of late-type galaxies falling into RXJ0152. 7-1357 from the 
"front." It is unlikely that these galaxies would have passed 
through the cluster core, since the crossing time is nearly 
1 Gyr, long enough to effect the transformation to redder, 
earlier-type galaxies. In this regard, it is interesting that these 
blue, late-type, infalling galaxies are overwhelmingly pro- 
jected onto the low-density regions (cf. Fig. ll7t . which may 
simply indicate the ones infalling through the cluster center 
are quickly transformed to early-type galaxies. Alternatively, 
they could be a background grouping that simply has a larger 
Hubble velocity and has not yet "turned around" to begin in- 
falling onto the main cluster - the distance offset would be 
< 10 Mpc for our adopted cosmology. But in this case there 
is no reason why they would appear to avoid the highest den- 
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FIG. 16. — Residuals with respect to the elliptical galaxy color-magnitude 
relation in RX J0152.7-1357 (top) and MS 1054-03 (bottom) as a function 
of the local number d ensi ty of cluster galaxies, from Postman et al. (2005). 
Symbols are as in Fig. ll II 
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sity regions. We note that there is no significant velocity off- 
set between the early- and late-type galaxies in MS 1054-03 
(lower panel of FigurefT&l. in line with the evidence that this 
is a more dynamically evolved cluster. 

In the previous section we examined trends in the colors 
with radial position in the cluster and local mass density. It 
is difficult to study color trends for different mass clumps 
because of the overlapping spatial positions of galaxies in 
the different clumps and/or small number statistics. For in- 
stance, in MS 1054-03, while there are several distinct peaks 
in the X-ray and mass distributions, they are not well sep- 
arated (and the X-ray and mass peaks are not always cospa- 
tial), so there is no good way to assign galaxies to the different 
clumps. However, the structure is more clear in RX J0152.7- 
1357, where there are two massive well-separated clumps in 
the early stages of merging, the northern and southern clumps 
defined by Demarco et al. (2005) based on the X-ray enhance- 
ments. These are distinct in both the X-ray and weak lensing 
maps, and we can use the circular regions given by Demarco 
et al. to assign galaxies to them (the eastern clump and other 
concentrations found in the mass map are much smaller and 
have relatively few galaxies). 

Figure [19] shows the (^25-^775) and (r 625 -Zs5o) color- 
magnitude diagrams for the two major RXJ0152. 7-1357 
clumps, along with the mean linear relations given above. 
There are 19 galaxies in our sample in the northern clump (18 
with i775 < 23) and 21 in the southern clump. Both clumps 
contain 16 early-type galaxies, with 13 (11) of those in the 
northern (southern) clump being ellipticals. It is immediately 
apparent that the northern clump contains almost entirely red 
galaxies (with one of the late-types being moderately blue), 
while ~ 30% of the galaxies in the southern clump have blue 
colors (including two of the early-types). Moreover, there are 
twice as many galaxies brighter than ij 75 = 22 in the northern 
clump. These features suggest that the northern clump is a 
more evolved system, consistent with its higher lensing mass 
(Jee et al. 2005b). 

We calculated the offsets and scatters of the early-type 
galaxies in the two clumps with respect to the mean color- 
magnitude relation. The zero-point offsets in (r^s-z^o) are 
0.009 ±0.022 and 0.03 1 ±0.022 mag (biweight mean location 
with bootstrap errors), for the northern and southern clumps, 
respectively. The two zero points agree with the overall re- 
lation to within 1.4 a and with each other to less than la. 
The biweight scatters in (ffes-zsso) are 0.077 ± 0.015 and 
0.086 ± 0.026, respectively; for comparison, the straight rms 
scatters would be 0.079 ±0.014 and 0.442 ±0.195, showing 
the effect of the two early-type outliers in the southern clump. 
Thus, there is no significant difference between the main part 
of the early-type populations in the two clumps, but the south- 
ern clump is more "contaminated" by blue galaxies, suggest- 
ing that it is the sight of more current infall. 

4.4. Color-color Diagrams and Model Comparison 

We now examine the relation between the two color indices 
defined by our 3-band datasets. Figure l20l shows the color- 
color diagrams for RX J0152.7-1357 and MS 1054-03. Ellip- 
tical, SO, and late-type galaxies are represented by the same 
symbols as in the preceding color-magnitude relation figures. 
We also show tracks from Bruzual & Chariot (2003; BC2003) 
stellar population models of solar and 2.5 x solar metallicity, 
ages ranging from 0.5 to 6 Gyr (upper limit set by age of the 
universe), and star-formation time-scale ranging from r w 
(single-burst SSP models) to r w 00 (constant formation mod- 
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FIG. 20. — Color-color diagrams for RXJ0152. 7-1357 and MS 1054-03. Symbols are as in Figure lTTI The curves show Bruzual & Chariot (2003) population 
models of varying exponential star-formation time scales from constant (r ~ oo) to single-burst (r as 0), varying ages since the onset of star formation t = 0.5, 1, 
1.5, 3, and 6 Gyr, and two metallicities: solar (Z=0.02, green solid lines); 2.5 X solar (Z=0.05, black dashed lines). The arrows near the tops of each panel show 
the correction vector for E(B-V) = 0.15 mag of internal reddening by dust. 
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els). The metal-rich models (Z=0.05) approach the locus of 
the red sequence galaxies for an age of about 2 Gyr. The so- 
lar metallicity models cannot simultaneously match the two 
colors for the red sequence galaxies; however, this result is 
sensitive to the shape of the F775 W bandpass definition, since 
the early-type galaxy spectra have a steep slope through this 
bandpass. Given that these are not true chemo-evolutionary 
models, that they use simple scaled solar-abundance ratios, 
and the uncertainties in galaxy SED modeling and the band- 
pass definitions, we do not consider this small offset of < 0.05 
mag to be highly significant. It would be profitable to ex- 
plore this further using additional bandpasses and more real- 
istic stellar population modeling. 

For local samples of morphologically normal galaxies, Lar- 
son & Tinsley (1978) showed that the (U-B) vs (B-V) color- 
color locus could be approximated by assuming roughly uni- 
form ages for all galaxies, but varying star-formation histo- 
ries, such that blue galaxies have formed stars at nearly con- 
stant rates, while red galaxies formed quickly in early bursts. 
Morphologically irregular galaxies showed much more scat- 
ter, indicative of complex star-forming histories and recent 
bursts. In Figure|20| the blue, mainly late-type, galaxies tend 
to follow a locus at roughly constant age, but varying star- 
formation time scale, reminiscent of Larson & Tinsley (1978). 
There are a few galaxies in each cluster that lie near the re- 
gion of young ages with r « 0, i.e., galaxies that have un- 
dergone more recent bursts of star formation. There are also 
some galaxies in each cluster that scatter off the "bottom" 
of the model curves; these can be explained by the presence 
of strong [O II] A3727 line emission in the bluest passbands 
(F606W or F625W). 

Rudnick et al. (2003) found that the Larson & Tinsley 
color-color locus also matched the data for rest-frame V-band 
selected field galaxies out to z ~ 2.8, but they were able to re- 
produce this locus using a model that aged with the redshift, 
had a star-formation time scale r = 6 Gyr, and invoked greater 
dust extinction at high redshift. This model is more appropri- 
ate when studying galaxies over a large in redshift, while the 
Larson & Tinsley approach of coeval models with variable r 
makes more sense for a cluster of galaxies at a given redshift. 

We have also calculated the reddening vectors due to in- 
ternal dust extinction at this redshift using the reddening law 
from O'Donnell (1994; similar to Cardelli et al. 1989). The 
arrows near the tops of the figures show the direction of the 
reddening correction. There are two galaxies that lie signifi- 
cantly above the red galaxy loci in their respective color-color 
plots: a galaxy in RXJ0152. 7-1357 classified as spiral that is 
^0.2 mag "too red" in (^25-/775), and a galaxy in MS 1054- 
03 classified as SO that is ^0.45 mag "too red" in (V606 - '775)- 
Both of these appear to be nearly edge-on galaxies with disks 
cutting across their bulges; the bulges appear significantly ex- 
tinguished in the bluest bands (rest-frame UV). Both galaxies 
project back along the reddening vector to SSP models of ages 
^0.5 Gyr, suggesting that they may recently have undergone 
a starburst and are now heavily extincted by dust, similar to 
some distant cluster galaxies found by Poggianti et al. (1999). 
The dust correction required for the anomalous RX J0152.7- 
1357 galaxy corresponds to an internal redding of Ay ~ 0.8 
mag, while the correction for the MS 1054-03 galaxy corre- 
sponds to Ay ~ 1.3 mag. These are just the most extreme 
cases; given the prevalence of dust in nearby bright early-type 
systems (Ferrarese et al. 2006), it may be that internal ex- 
tinction causes some of the scatter in the colors of early-type 
galaxies at these redshifts and should be included when per- 
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ticals). The shaded region shows the 2.5-cr range of the elliptical galaxies in 
RXJ0152.7-1357. 



forming detailed SED-fitting analyses. 

4.5. Transformation to Rest-frame Colors 

Throughout this analysis we have presented the data 
in the observed bandpasses, using the natural system of 
the ACS/WFC instrument in order to preserve the model- 
independence of the results, and have transformed model 
spectra to the observed frame when needed. But in order 
to compare to other studies and redshifts, it is useful also 
to transform the results to rest-frame values. We do this by 
computing standard UBV rest-frame colors for model spec- 
tra and observed ACS/WFC system colors for the same mod- 
els redshifted to the cluster redshifts, then fitting a relation 
to the rest-frame colors as a function of the observed ones. 
Figures I2TI and l22l show the results of this exercise for mod- 
els with colors similar to the cluster early-type galaxies. At 
bluer colors appropriate to late-type star-forming galaxies, 
the relations are no longer linear and are less accurate due 
to increased scatter in the models. Here we use the BC2003 
r models discussed above, but the resulting transformation 
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FIG. 22. — Conversions of observed MS 1054-03 (V606 - '775) and 
(V606~ Z85o) col ors to rest-frame (U—B) z and (U— V) z . Lines and symbols the 
same as in Fig. 1211 The shaded region shows the 2.5-a range of the elliptical 
galaxies in MS 1054-03. 



slopes are virtually identical if we use the SSP models. We use 
the ACS and Johnson bandpass definitions distributed by Siri- 
anni et al. (2005). We caution that there are systematic vari- 
ations in the "standard" Johnson bandpass definitions, partic- 
ularly in the B band, as Sirianni et al. discuss, and using an- 
other common B band definition gives slopes that differ by 
10%-15%. 

The fitted transformation slopes are shown in Figures 
and [22] and can be used to convert the measured scat- 
ters, slopes, and small offsets in the RXJ0152. 7-1357 and 
MS 1054-03 color-magnitude relations to rest- frame (U-B), 
and (U-V) z (following van Dokkum et al. 2000, we us the 
Z subscript on the color to indicate rest-frame color at the ob- 
served redshift, e.g., no evolution corrections, etc). The trans- 
formations are most reliable when the slope is ~ 1 because 
this indicates the closest match between redshifted and rest- 
frame bandpasses. For instance, the intrinsic (^25-/775) scat- 
ter a = 0.027 mag for the full elliptical sample in RX J0152.7- 
1357 transforms to <ju-b = 0.031 ±0.010 mag, while the 
('"625 _ Z85o) scatter converts to a V -v = 0.081 ±0.011 mag. 
Transforming the intrinsic (V606 _ '775) ar, d (V606 _ ^85o) scatters 
for MS 1054-03 ellipticals gives a U - B = 0.034 ±0.009 and 
<Tu-v = 0.076 ± 0.014 mag. Thus, the color scatters for the el- 



lipticals in these clusters are essentially identical. We discuss 
these results, and comparisons to other works, in more detail 
in the following section. 

5. CLUSTER GALAXIES AT HALF HUBBLE TIME 

As discussed above, the mean colors of the early-type 
galaxies in these clusters are consistent with ages of 2-5 
Gyr, depending upon the metallicity and star formation his- 
tories. We have also performed simulations of the evolution 
in color scatter as function of age using the simple models de- 
scribed in Blakeslee et al. (2003a) and Mei et al. (2006). From 
the stochastic burst models, we find mean ages of 3.7 Gyr 
and 3.5 Gyr for the ellipticals in RX J0152.7-1357 from the 
(/625-'775) and (r625-Z8so) scatters, respectively, and 3.5 Gyr 
and 3.4 Gyr for ellipticals in MS 1054-03 from the (V6O6-Z775) 
and (V606 - Z85o) scatters, respectively. The mean ages increase 
by <5% if we limit the analysis to lower-scatter subsamples 
(e.g., the higher density regions in RXJ0152. 7-1357, or the 
brighter samples in the two clusters; conversely, the inferred 
ages are younger where the scatter is larger. The ages also de- 
crease by ~ 10% if we use the constant star-formation mod- 
els instead (to represent the other extreme). But the data are 
generally consistent with a mean age of 3.5 ± 1 .0 Gyr for the 
cluster ellipticals, or a formation epoch around z = 2.2^' g. 

We find that the galaxy populations in RXJ0152. 7-1357 
and MS 1054-03 are basically similar, although there are 
some notable differences, such as the increased color scat- 
ter of the SOs in MS 1054-03, or the velocity offsets between 
early- and late-type galaxies in RXJ0152. 7-1357. However, 
there is a hint that the slope of the color-magnitude relation is 
steeper in MS 1054-03 than in RX J0152.7-1357, which may 
indicate either differing enrichment histories (e.g., a steeper 
mass-metallicity relation in MS 1054-03), or a difference in 
mean age with the early-type population of MS 1054-03 be- 
ing older (Gladders & Yee 1998). An earlier formation epoch 
for MS 1054-03 galaxies might be expected in a hierarchical 
model because of its larger mass. For the one color-magnitude 
combination in common between the two clusters, (/77s— zsso) 
vs (775, the difference in slope is 0.025 ±0.016, or 1.6 a. Con- 
verting the bluer colors to (U-B) z , we find a slope difference 
of 0.028 ± 0.017, also 1.6 a, and if we convert the slopes for 
the broadest baseline colors to (IT— V) z , the difference is 1 .2 a. 
These differences remain intriguing and suggestive, but not 
highly significant. 

This has been the first detailed study of the color-magnitude 
relation in RXJ0152. 7-1357 using HST photometry. How- 
ever, van Dokkum et al. (2000) made a detailed study of 
the relation in MS 1054-03 using 2-band HST/WFPC2 pho- 
tometry. These authors reported a slope in (U-B) z color 
with B magnitude of -0.032 and an intrinsic (U-B) z scat- 
ter a = 0.024 ± 0.006 mag for 30 early-type cluster mem- 
bers (they did not distinguish between elliptical and lentic- 
ular). Our value for the slope in (V606 _ *775) transforms to 
-0.036 ± 0.012, in good agreement with their result. How- 
ever, based again on the (V606 _ *775) data, we find a scatter in 
(U-B) z of a = 0.052 ± 0.009 mag for our early-type sample 
of 84 galaxies with 1775 < 23. Our sample size is nearly three 
times larger, and the scatter agrees better with the 0.05 mag 
scatter found by van Dokkum et al. for their sample of 43 
early-type plus merger galaxies (which they viewed as the 
possible progenitor sample for modern ellipticals). The larger 
scatter we find may be due to the inclusion of fainter galaxies 
and more SO galaxies, both of which tend to increase the scat- 
ter (also, Postman et al. 2005 classified the individual com- 
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ponents of early-type pairs, rather than assigning them to a 
"merger" class). If we use only the 46 ellipticals, we find 
a = 0.034 ± 0.008 mag, and if we use a magnitude limit of 
I775 < 22.5, closer to the limit of the van Dokkum et al. sam- 
ple, it becomes a = 0.031 ± 0.007 mag for 37 galaxies. Thus, 
the results agree better when we limit the sample to earlier 
types and brighter magnitudes, which also results in a sam- 
ple size more similar to that of van Dokkum et al. While this 
could result from an underestimate of our errors for smaller 
galaxies, this is less likely because of the empirical calibra- 
tion, and it would be a natural result of "down-sizing," the 
increase in age scatter at lower luminosity along the red se- 
quence; this has been discussed in the context of MS 1054-03 
by Tran et al. (2003). 

The redshift of these two clusters marks an interesting point 
in the evolution of cosmic structure, slightly more than half 
the age of the universe ago, when today's massive clusters 
were still in the process of assembly. The lookback time of 
7 Gyr corresponds, fortuitously, to the median age found for 
local elliptical galaxy samples based on stellar absorption fea- 
tures (e.g., Terlevich & Forbes 2002; Worthey & Collobert 
2003). If this is correct, then the median local elliptical would 
not be present in the samples at these high redshifts, a phe- 
nomenon known as "progenitor bias" (e.g., van Dokkum & 
Franx 2001); the effect of this is to make elliptical galaxies 
appear to be about half the age of the universe at whatever 
epoch they are observed. However, the giant ellipticals in 
these z = 0.83 clusters are clearly already in place: the evi- 
dence suggests that bright cluster ellipticals mainly undergo 
passive evolution at z < 1 (Holden et al. 2005a,b) and most of 
the morphological evolution occurs in the transformation of 
field spirals and irregulars into cluster SOs and dwarfs (e.g., 
Larson et al. 1980; Dressier et al. 1997; Postman et al. 2005). 
The resolution lies in correctly identifying the descendants 
of the distant cluster ellipticals; the data for the brightest el- 
lipticals in nearby massive clusters actually indicate ages of 
~ 10 Gyr or more (e.g, Poggianti et al. 2001; Vazdekis et al. 
2001), in line with the ages we measure for their likely pro- 
genitors at z > 0.8. The lingering star formation seen in these 
clusters (e.g., Homeier et al. 2005) is likely only of minor im- 
portance in terms of mass, a point which we will take up in a 
forthcoming paper (B. Holden et al., in preparation). 

On the other hand, we note that passive luminosity growth, 
through galaxy mergers without associated star formation, has 
occurred. MS 1054-03 is famous for having a high fraction of 
red galaxy pairs with small relative velocities (van Dokkum 
et al. 1999; Tran et al. 2005a), direct evidence for passive lu- 
minosity growth. Although we have not discussed it here, we 
find a very similar fraction of red galaxy merger candidates 
in RX J0152.7-1357 (F. Bartko et al., in preparation), and 
our ACS/WFC analysis of the X-ray selected cluster RDCS 
J09 10+5422 at z= 1.1 also shows a significant number of red 
galaxy pairs (Mei et al. 2006). Thus, passive mergers appear 
to have been relatively common in massive X-ray luminous 
clusters at this epoch. This is not surprising, given that the 
clusters themselves were still assembling from smaller sub- 
units in which the velocity dispersions would have been lower. 

Finally, we remark on the two galaxies in these clusters 
with very high internal extinction (one of which was classi- 
fied as early-type). It seems likely that these are just the tip of 
a (dusty) iceberg. For instance, in a high-resolution two-band 
ACS/WFC study of early-type galaxies in the Virgo cluster, 
Ferrarese et al. (2006) find that 1 1 of the 21 early-type galax- 
ies with magnitude B < 12 (corresponding to Mg+ 1, the limit 



of our color-magnitude study) have optically detectable dust; 
4 others have diffuse dust detected in the far-infrared (thus, 
>70% in all). Since the primary source of the dust is un- 
clear (e.g., intermittent accretion of satellite galaxies or con- 
tinuous transpiration from the atmospheres of evolved stars; 
Lauer et al. 2005; Ferrarese et al. 2006), we know very little 
about the dust content of early-type galaxies at z ~ 1 . By us- 
ing a broad range of bandpasses from the rest-frame UV to the 
near-IR, it should be possible to test whether dust contributes 
in any significant way to the scatter in the optical colors of 
Z<~ 1 early-type galaxies, such as the SOs that scatter towards 
the red in MS 1054-03. 

6. SUMMARY AND CONCLUSIONS 

We have studied the galaxy populations in RXJ0152.7- 
1357 and MS 1054-03 using 3-band ACS/WFC mosaic imag- 
ing data combined with ground-based spectroscopic member- 
ship information. The samples contain 105 and 140 confirmed 
members brighter than z'775 = 24 in RXJ0152. 7-1357 and 
MS 1054-03, respectively; 94 and 114 of these are brighter 
than ! 77 5 = 23 mag (M*+l) and have reliable (non-AGN) mor- 
phological classifications, comprising the full samples used in 
our color-magnitude analyses. 

We fitted Sersic models to the 2-D light profiles for larger 
samples of galaxies in the redshift range 0.6 < z < 0.9 (in or- 
der to include more late-type field galaxies, with at least simi- 
lar redshifts, in the analysis). The resulting Sersic indices cor- 
relate well with the visual morphological classifications from 
Postman et al. (2005). We introduced a new parameter called 
the bumpiness B which quantifies the rms deviations from the 
smooth Sersic model fits, and used this B parameter in com- 
bination with the Sersic index n to group the galaxies objec- 
tively into E, SO, and late-type classes, calibrated against the 
visual classifications. The agreement between the visual and 
B-n classified morphologies is excellent, but the latter appear 
to be less biased by orientation effects. We also calculated the 
asymmetry A and concentration C parameters for this sample 
of galaxies and find similarly good agreement with the visual 
types. The A-C parameters appear to be more effective in sep- 
arating galaxies into early-type, spiral, and irregular classes, 
while the B-n parameters are more effective in distinguishing 
between ellipticals, SOs, and late-types. 

We also used the results of our profile fitting to compare the 
size-surface brightness (Kormendy) relations in MS 1054- 
03 and RX J0152.7-1357 in the F775W bandpass (rest-frame 
« B). The slopes and scatters of these relations for the two 
clusters are the same within the errors, but there is a zero-point 
offset of 0.14 ±0.064 mag between the two. This is consis- 
tent with the scatter in the evolution of this relation found by 
Holden et al. (2005a). 

Following the structural analysis, we proceeded to study 
the galaxy color-magnitude relations for the two clusters and 
correlations of the residuals in these relations with other ob- 
servables. We concentrated on the broadest baseline colors, 
as these are relatively less sensitive to errors and more sen- 
sitive to stellar population effects. We found correlations of 
the color residuals with local density, measured from both 
galaxy number density and weak lensing mass maps, in the 
sense that galaxies in the highest density environments are 
redder, and those in low-density regions bluer, than expected 
from the fitted mean relation. This is closely related to the 
morphology-density relation (e.g., Dressier 1980, Postman 
et al. 2005), but the effect is also found at some level for galax- 
ies within a given morphological class, except for SO galaxies 
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in MS 1054-03, which are unusual in this sense. The scatter 
in galaxy colors (and, presumably, ages) increases markedly 
below a surface mass density of ^0.12, in units of the criti- 
cal density. The effect is more dramatic in RX J0152.7-1357, 
where virtually all galaxies above this threshold appear to be 
quiescent. We also find some correlation in the color residuals 
with radius, but with a lower significance than the underlying 
density correlation. 

There is an offset of 980 ± 340 km s" 1 in the mean veloci- 
ties of the early- and late-type galaxies in RXJ0152. 7-1357, 
in the sense of the late-type galaxies having preferentially 
positive peculiar velocities. This offset causes an apparent 
trend between galaxy velocities and colors, but the trend is 
not present for either the early- or late-type galaxy samples 
individually. Since these blue, high-velocity, late-type galax- 
ies are also preferentially located in regions of lower density, 
we are likely witnessing the early stages of a diffuse group or 
association of late-type galaxies being accreted from the near- 
side of the cluster (thus their infall velocity is away from us). 
This apparent infall of late-type galaxies is distinct from the 
ongoing major merger of the two massive northern and south- 
ern "clumps," or subclusters. In particular, although the late- 
type galaxies have a mean velocity closer to that of the north- 
ern clump, the region around this clump has very few blue or 
late-type galaxies; on the other hand, a significant fraction of 
the galaxies within the southern clump are bluer than the red 
sequence, including two blue early-type galaxies, consistent 
with the southern clump being a lower mass system. How- 
ever, the main early-type populations in the two clumps are 
consistent with following the same color-magnitude relation. 

We then examined the color-color diagrams for these 
two clusters and compared to predictions from exponen- 
tially declining star-formation models having a range of star- 
formation time scales and ages. The loci of red cluster ellip- 
ticals are most consistent with super-solar metallicity models 
with short formation time scales r < 0.5 Gyr and ages in the 
range 1.5 < t < 3 Gyr. However, solar metallicity models 
with larger ages may be possible, given the uncertainties in 
the bandpass definitions and models. The bluer galaxies gen- 
erally follow a model locus of roughly constant age (f w 1-3 
Gyr, depending on metallicity) but a range in r, except for a 
few galaxies in each cluster which appear to have undergone 
bursts at t < 1 Gyr ago. These galaxies are mainly late-type, 
but include one elliptical in RXJ0152. 7-1357 and several SOs 
in MS 1054-03, and appear fairly red in the bluer [(r^-ins) 
or (V606-'775)] color but blue in the redder ((775-2850) color. 
There is also one galaxy in each cluster whose colors can only 
be explained with by a large amount of internal extinction: a 
spiral in RXJ0152. 7-1357 with A v ~ 0.8 mag, and an SO in 
MS 1054-03 with Ay ~ 1.3 mag. Both appear to be nearly 



edge-on systems with dusty disk components that cut across 
the central bulges. 

We derive transformations from observed to rest-frame col- 
ors in order to better compare the clusters to each other and 
to previous works. Based on simple models for the evolution 
in the color scatter, we estimate mean ages for the elliptical 
galaxies of 3.2-3.7 Gyr, depending on the star-formation his- 
tory and whether we limit the sample to the higher density 
regions. This implies that the major epoch of star-formation 
in these clusters occurred at z > 2, in accord with the find- 
ings from other recent work at z > 0.8, as well as the direct 
evidence from z > 2 protoclusters. The age constraints are 
very similar for both clusters. We find some evidence that 
the slope of the color-magnitude relation in MS 1054-03 may 
be steeper than in RX J0152.7-1357, which may indicate an 
earlier formation epoch for this more massive cluster, but the 
significance of the result is less than 2 a. 

Much remains to be done. It would be useful to have 
still more redshifts: a complete spectroscopic survey of these 
fields to ; 77 5 = 24, or ~0.15 L* B , would make it possible to 
study the "down-sizing" effect in more detail and confirm if 
there is a lack of fainter red galaxies at these redshifts (Tran 
et al. 2003; Kodama et al. 2004; Tanaka et al. 2005). High- 
resolution imaging over a larger area will allow us to study 
galaxy morphologies in the lower density cluster surround- 
ings and the very large-scale mass distributions from weak 
lensing; two-band ACS imaging for an additional eight fields 
in the outskirts of each of these clusters now exists and will 
be used in this regard. Accurate colors in additional optical 
and near-IR bands over the cluster fields will make it possible 
to derive reliable masses from SED fitting, which should be 
checked and calibrated against good dynamical masses for a 
subset of the galaxies. This will enable large studies of the 
star-formation trends as a function of galaxy mass, as we are 
currently undertaking. Of course, additional clusters studied 
with the same level of detail are needed to understand the 
range of cluster properties at each redshift and constrain their 
evolution. 
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APPENDIX 

FLAT-FIELDS AND GALAXY PHOTOMETRY 

In comparing the photometry for galaxies that appear in multiple pointings, we found some dependence of the measured colors 
on the position of the galaxy in the image. We investigated this in detail and traced the most significant positional dependences 
of the colors (^0.025 mag variation peak-to-peak across the image) to variations in the F625W and F775W photometry. We 
believe this is due to the flatfields. The ACS/WFC low-order flat fields ("L-flats") were constructed, in most bandpasses, from 
modeling the variation in the aperture photometry of stars from multiple dithered observations of 47 Tucanae (Mack et al. 2002). 
Among our bandpasses, this was the approach used for F606W and F850LP. In F625W and, originally, F775W, the L-flats were 
interpolated from the F606W and F814W L-flats based on the passband 'pivot' wavelengths. The F775W L-flats have since been 
reconstructed using the stellar photometry (J. Mack, private communication), although based on roughly half as much data. 

We attempted to derive flat field corrections using low-order 2-D spline fits to the sky variations (after liberally masking all 
objects) in our RX J0152. 7-1357 observations in all three filters. We then applied the normalized 'sky flats' (which typically had 
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FIG. 23. — Differences in the measured (1775— Z850) colors for all pairs of program galaxies with (775 < 24 imaged in multiple RXJ0152. 7-1357 pointings are 
plotted against the differences in the y positions of the paired objects (the image scale is 0"05 pix~' ). There are 125 unique pairs, but each is plotted twice, once 
for each observation, so that the overall mean of the differences is zero. The dashed line shows a simple linear least-squares fit, which gives a slope of 0.0060 mag 
per 1000 pix, or almost 0.025 mag from top to bottom in the image. This is the most significant (more than 4cr) systematic trend among the different colors in 
our study. However, because of the sparse sampling in positional offset (essentially 2 positions), it is unclear if the trend is truly linear or if it actually reflects 
photometric biases near the edges of the image. 



rms variations of ~ 1 %, consistent with the rms errors quoted by Mack et al. 2002) to the data and remeasured the photometry for 
all objects in all the RXJ0152. 7-1357 pointings following the same procedure (CLEAN, etc) as before. No significant difference 
was found for the F850LP photometry, which was already consistent with no positional dependence. In F625W, the systematic 
variation in photometry with position (mainly in the x-direction) was cut roughly in half to the ^0.01 mag peak-to-peak level. 
However, we found no improvement, and more scatter (perhaps because of scattered light causing error in the 'sky flat'), for 
F775 W, which shows ~ 0.024 mag top-to-bottom variation along the chip y-direction. Thus, we applied our correction flat-field 
in F625W (this is available by request to the first author), but not F775W. Since MS 1054-03 was observed in F606W (which 
shows no significant positional dependence in photometry) instead of F625W, we did not apply any flat field corrections. 

Figure [23] illustrates the most significant photometric gradient remaining in the data, a dependence of (2775—Z850) color on y 
position in the image. While we could remove a simple gradient in the F775W photometry by fitting a plane to the differences in 
the multiple measurements, this would be dangerous because the multiple measurements are confined to the edges of field of view 
where the pointings overlapped, and thus we do not know if it is truly a linear trend. Instead, we simply accept this additional 
error (which is < 0.01 mag rms and is effectively included in our error estimates based on the multiple measurements) for colors 
that use F775W, and remain cognizant that it represents a ~ 0.02 mag systematic effect in the data. Fortunately, the broader 
baseline 0406 ~~ Zsso) and (^25 - Z85o) are more useful for studying stellar population effects and have been used for assessing 
intrinsic color variations. 
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±0.013 
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±0.016 
± 0.029 
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± 0.017 
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± 0.021 
± 0.026 
±0.010 
± 0.027 
± 0.034 
± 0.041 
±0.010 
± 0.033 
±0.010 
± 0.033 
± 0.049 
± 0.032 
± 0.024 
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± 0.039 
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± 0.024 
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± 0.025 
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± 0.025 
± 0.050 
± 0.095 
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a Adopted total F775W magnitude, based on SExtractor MAG_AUTO corrected by 0.2 mag (see text). 
b Fitted F775W magnitude from GALFIT. 
c Fitted major axis effective radius 
d Fitted Sersic index. 

e Visually classified morphological type from Postman et al. (2005). We assign the two AGNe T = 1 1. 
f Fitted axial ratio. 

g Galaxy "bumpiness" parameter defined in text. 

h Surface mass density at galaxy position from Jee et al. (2005a) weak lensing map (see text). 
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2. 


054 


± 





.017 


2041 


23 


,25 


23 


.28 


0. 


20 


3 


.12 


-5 





.79 


0. 


050 


0, 


168 


1 


,463 


± 





.043 


0. 


.677 


± 





.033 


2. 


140 


± 





.041 


2143 


20 


,58 


20 


63 


1. 


10 


4 


.00 


-5 





.81 


0. 


142 


0, 


193 


1 


,612 


± 





.014 





679 


± 





.010 


2. 


292 


± 





.013 


2175 


22 


,23 


22 


.34 


0. 


32 


4. 


.00 


-1 





.71 


0. 


.105 


0, 


043 


1 


,611 


± 





.033 


0. 


692 


± 





.019 


2. 


.303 


± 





.022 


2178 


22 


.38 


22 


.58 


0. 


18 


3 


.17 


-2 





.58 


0. 


052 


0, 


199 


1 


,603 


± 





.036 


0. 


719 


± 





.022 


2. 


.322 


± 





.027 



Clusters at Half Hubble Time 



TAB LE 2 — Continued 



ID 


775,tot 


b 

'775,gfit 


R e c 


"Se/ 


T e 


b/a f 


B g 


s L h 


(Vac\a— ill*. ) 


( Imi — 7o^n ) 


V'OUo V'ftSU/ 


2226 


25.52 


25.40 


0.00 


4.00 


9 


0.82 


1.080 


0.124 


1.144 ± 0.059 


0.347 ± 0.065 


1.491 ±0.087 


2218 


22.76 


22.97 


0.39 


0.98 


3 


0.67 


0.261 


-0.012 


0.922 ± 0.040 


0.121 ±0.028 


1.043 ±0.035 


2225 


23.44 


23.48 


0.40 


2.92 


-1 


0.41 


0.415 


0.053 


0.626 ± 0.045 


0.059 ± 0.036 


0.684 ± 0.045 


2240 


23.67 


24.17 


0.48 


0.50 





0.20 


0.568 


0.009 


0.789 ± 0.050 


0.270 ± 0.046 


1.059 ±0.060 


2257 


21.65 


21.96 


0.32 


4.00 


-5 


0.85 


0.055 


0.176 


1.616 ±0.028 


0.606 ± 0.013 


2.222 ± 0.016 


2301 


22.20 


22.38 


0.24 


4.00 


-5 


0.71 


0.083 


0.150 


1.558 ± 0.034 


0.670 ± 0.019 


2.228 ± 0.023 


2315 


21.68 


21.66 


0.50 


4.00 


-2 


0.48 


0.131 


0.072 


1.702 ± 0.024 


0.790 ± 0.010 


2.492 ± 0.013 


2328 


22.01 


22.21 


0.35 


2.39 


-5 


0.86 


0.059 


0.163 


1.643 ± 0.032 


0.720 ± 0.017 


2.363 ± 0.020 


2333 


22.40 


22.54 


0.27 


3.17 


-1 


0.31 


0.103 


0.236 


1.386 ±0.035 


0.335 ± 0.022 


1.721 ±0.026 


2385 


22.75 


22.90 


0.30 


1.81 


-1 


0.24 


0.124 


0.037 


1.702 ± 0.039 


0.685 ± 0.027 


2.388 ± 0.033 


2356 


23.66 


24.08 


0.46 


0.58 


8 


0.35 


0.575 


0.153 


0.499 ± 0.035 


-0.116 ±0.169 


0.383 ±0.201 


2353 


21.17 


21.27 


0.42 


3.49 


-5 


0.75 


0.053 


0.185 


1.641 ±0.016 


0.732 ± 0.010 


2.373 ± 0.013 


2390 


21.23 


21.13 


0.79 


4.00 


-5 


0.81 


0.155 


0.121 


1.633 ±0.014 


0.734 ± 0.010 


2.367 ± 0.013 


2403 


21.31 


21.20 


1.35 


4.00 


1 


0.90 


0.522 


0.132 


1.555 ± 0.020 


0.610 ± 0.007 


2.165 ±0.013 


2391 


21.82 


21.83 


0.56 


4.00 


-5 


0.71 


0.165 


0.130 


1.593 ± 0.026 


0.702 ± 0.012 


2.295 ± 0.015 


2468 


21.05 


21.15 


0.21 


4.00 


-1 


0.23 


0.098 


0.228 


1.487 ± 0.014 


0.426 ± 0.010 


1.914 ±0.013 


2484 


23.74 


24.57 


0.30 


0.44 


3 


0.16 


0.187 


0.072 


0.688 ± 0.053 


0.058 ± 0.053 


0.746 ± 0.069 


2476 


22.64 


22.53 


0.44 


4.00 


-1 


0.39 


0.142 


0.163 


1.643 ±0.035 


0.635 ± 0.022 


2.278 ± 0.026 


2547 


22.60 


23.40 


0.26 


0.57 


3 


0.49 


0.137 


0.223 


1.026 ±0.044 


0.415 ± 0.035 


1.441 ±0.044 


2577 


22.45 


22.45 


0.32 


4.00 


-4 


0.63 


0.100 


0.151 


1.551 ±0.034 


0.645 ± 0.020 


2.196 ±0.024 


2589 


21.81 


21.73 


0.47 


4.00 


-5 


0.71 


0.111 


0.132 


1.544 ± 0.025 


0.698 ± 0.010 


2.241 ± 0.014 


2639 


22.35 


22.61 


0.26 


4.00 


-5 


0.77 


0.101 


0.156 


1.549 ± 0.026 


0.650 ± 0.016 


2.199 ±0.025 


2651 


22.39 


22.60 


0.19 


2.05 


-1 


0.32 


0.130 


0.151 


1.252 ± 0.028 


0.248 ± 0.016 


1.500 ±0.040 


2503 


21.41 


21.60 


0.70 


0.99 


4 


0.84 


0.269 


0.089 


1.005 ±0.023 


0.492 ± 0.010 


1.497 ±0.013 


2649 


20.63 


20.49 


1.21 


2.32 


1 


0.49 


0.335 


0.159 


1.460 ±0.010 


0.461 ± 0.029 


1.921 ±0.037 


2709 


21.88 


21.86 


0.40 


4.00 


-5 


0.64 


0.078 


0.194 


1.597 ± 0.027 


0.667 ± 0.012 


2.264 ± 0.015 


2741 


21.39 


21.58 


0.43 


2.39 


-2 


0.61 


0.178 


0.143 


1.645 ±0.016 


0.717 ±0.007 


2.362 ± 0.010 


2787 


22.77 


22.83 


0.31 


2.55 


-4 


0.89 


0.087 


0.078 


1.634 ±0.038 


0.606 ± 0.026 


2.240 ± 0.032 


2830 


19.87 


19.80 


2.15 


4.00 


-5 


0.65 


0.078 


0.274 


1.705 ± 0.035 


0.751 ±0.015 


2.456 ± 0.020 


2844 


22.48 


22.56 


0.40 


2.26 


-1 


0.43 


0.193 


0.157 


0.905 ± 0.036 


0.114 ±0.022 


1.019 ±0.026 


2896 


22.97 


23.22 


0.14 


2.66 


-4 


0.40 


0.092 


0.068 


1.446 ± 0.042 


0.524 ± 0.032 


1.970 ±0.040 


2873 


23.12 


23.25 


0.35 


1.77 


3 


0.94 


0.236 


0.058 


1.445 ±0.043 


0.595 ± 0.032 


2.041 ± 0.041 


2894 


21.56 


21.85 


0.28 


2.24 


-5 


0.70 


0.046 


0.166 


1.643 ±0.027 


0.708 ± 0.012 


2.351 ±0.015 


2898 


23.05 


23.20 


0.27 


0.92 


1 


0.94 


0.206 


0.017 


0.740 ± 0.042 


0.216 ± 0.032 


0.955 ± 0.039 


2874 


22.15 


22.18 


0.23 


4.00 


-2 


0.44 


0.100 


0.097 


1.644 ±0.031 


0.670 ± 0.017 


2.315 ± 0.020 


2926 


24.04 


23.87 


0.62 


3.63 


8 


0.52 


1.081 


0.030 


0.254 ± 0.048 


0.116 ±0.042 


0.370 ± 0.054 


2901 


22.28 


22.38 


0.26 


3.64 


-5 


0.77 


0.064 


0.161 


1.551 ±0.024 


0.677 ± 0.023 


2.229 ± 0.016 


3035 


21.77 


21.80 


0.35 


4.00 


-3 


0.45 


0.053 


0.242 


1.719 ±0.018 


0.755 ± 0.013 


2.474 ± 0.024 


2937 


21.33 


21.49 


0.28 


2.15 


-4 


0.91 


0.088 


0.159 


1.519 ±0.021 


0.521 ±0.010 


2.040 ± 0.013 


2991 


22.45 


22.70 


0.29 


1.19 


1 


0.65 


0.281 


0.050 


0.719 ± 0.037 


0.258 ± 0.024 


0.977 ± 0.029 


3003 


22.50 


22.84 


0.57 


0.58 


4 


0.53 


0.308 


0.005 


1.366 ± 0.039 


0.507 ± 0.026 


1.873 ±0.032 


3148 


22.43 


22.67 


0.79 


1.91 


10 


0.49 


0.226 


0.267 


1.494 ±0.026 


0.501 ± 0.021 


1.994 ±0.034 


3031 


21.95 


22.15 


0.34 


2.10 


-2 


0.52 


0.060 


0.156 


1.593 ±0.031 


0.681 ± 0.016 


2.274 ± 0.019 


3052 


21.54 


21.70 


0.37 


3.04 


-4 


0.48 


0.100 


0.073 


1.597 ±0.024 


0.718 ±0.010 


2.315 ±0.013 


3070 


21.63 


21.73 


0.50 


2.45 


-2 


0.35 


0.203 


0.153 


1.649 ±0.025 


0.731 ±0.010 


2.381 ±0.014 


3131 


22.58 


22.59 


0.31 


2.91 


-4 


0.70 


0.078 


0.157 


1.630 ± 0.036 


0.643 ± 0.022 


2.273 ± 0.027 


3113 


22.19 


22.23 


0.34 


4.00 


-5 


0.76 


0.064 


0.097 


1.649 ±0.032 


0.651 ±0.017 


2.300 ± 0.020 


3180 


21.25 


21.28 


0.47 


4.00 


3 


0.95 


0.208 


0.119 


1.513 ±0.016 


0.422 ± 0.010 


1.935 ±0.013 


3185 


22.14 


22.27 


0.29 


4.00 


-5 


0.72 


0.138 


0.185 


1.621 ±0.032 


0.662 ±0.018 


2.283 ± 0.021 


3224 


21.85 


21.97 


0.45 


4.00 


-4 


0.74 


0.227 


0.042 


1.588 ±0.028 


0.679 ± 0.013 


2.267 ± 0.016 


5116 


22.32 


22.45 


0.22 


4.00 


-4 


0.86 


0.054 


0.205 


1.644 ± 0.079 


0.743 ± 0.036 


2.387 ± 0.043 


3241 


22.57 


22.71 


0.25 


2.24 


-1 


0.44 


0.109 


0.158 


1.610 ± 0.037 


0.673 ± 0.024 


2.282 ± 0.029 


5082 


22.70 


22.83 


0.75 


0.88 


8 


0.56 


0.404 


0.045 


0.442 ± 0.038 


0.022 ± 0.026 


0.464 ± 0.032 


5134 


23.22 


23.18 


0.16 


4.00 


-4 


0.62 


0.148 


0.195 


1.211 ±0.042 


0.365 ±0.031 


1.576 ±0.039 


3386 


22.67 


22.77 


0.55 


1.80 


4 


0.86 


0.174 


0.136 


0.830 ± 0.038 


0.232 ± 0.025 


1.062 ±0.031 


3652 


22.01 


21.94 


0.34 


4.00 


-1 


0.56 


0.168 


0.085 


1.578 ± 0.028 


0.684 ± 0.013 


2.263 ± 0.016 


3686 


22.67 


22.93 


0.15 


3.22 


-4 


0.47 


0.037 


0.149 


1.587 ± 0.040 


0.706 ± 0.028 


2.293 ± 0.034 


3692 


22.21 


22.40 


0.79 


1.13 


6 


0.61 


0.288 


0.056 


1.167 ±0.034 


0.392 ± 0.020 


1.560 ±0.024 


3718 


21.76 


21.78 


0.43 


3.38 


-4 


0.67 


0.032 


0.144 


1.736 ± 0.026 


0.757 ±0.011 


2.493 ± 0.014 


3739 


23.16 


23.20 


0.11 


4.00 


-5 


0.81 


0.085 


0.155 


1.493 ±0.042 


0.584 ± 0.032 


2.078 ± 0.039 


3795 


23.83 


24.04 


0.24 


1.69 


-1 


0.36 


0.047 


0.146 


1.426 ±0.048 


0.211 ±0.031 


1.637 ±0.051 


3812 


21.64 


21.95 


0.45 


4.00 


8 


0.81 


0.380 


0.026 


0.274 ± 0.020 


0.125 ±0.019 


0.399 ± 0.029 


4015 


22.33 


22.28 


0.28 


4.00 


-1 


0.49 


0.154 


0.091 


1.473 ±0.027 


0.469 ± 0.015 


1.942 ±0.015 


4049 


22.80 


22.82 


0.21 


4.00 


-2 


0.49 


0.028 


0.059 


1.574 ±0.036 


0.663 ±0.018 


2.237 ± 0.026 


4063 


23.09 


23.21 


0.35 


2.77 


-2 


0.34 


0.022 


0.179 


1.468 ±0.030 


0.602 ± 0.027 


2.070 ± 0.028 


4137 


22.95 


22.92 


0.31 


3.08 


-4 


0.66 


0.109 


0.176 


1.538 ± 0.028 


0.607 ± 0.019 


2.146 ±0.024 


4169 


22.93 


23.47 


0.15 


1.97 


-5 


0.65 


0.030 


0.141 


1.544 ±0.035 


0.633 ± 0.038 


2.178 ±0.026 


4254 


23.44 


23.32 


0.27 


3.89 


-5 


0.72 


0.032 


0.097 


1.591 ±0.034 


0.678 ± 0.042 


2.269 ± 0.076 


4305 


22.55 


22.56 


0.26 


4.00 


-5 


0.78 


0.082 


0.132 


1.573 ±0.018 


0.704 ±0.011 


2.277 ± 0.013 


4308 


23.48 


23.60 


0.33 


3.91 


-4 


0.42 


0.050 


0.200 


1.403 ±0.128 


0.587 ± 0.027 


1.990 ±0.128 


4324 


21.84 


21.78 


0.50 


2.99 


-5 


0.75 


0.096 


0.165 


1.539 ±0.018 


0.649 ± 0.009 


2.188 ±0.010 


4353 


21.69 


21.85 


0.50 


2.52 


-2 


0.48 


0.092 


0.087 


1.653 ± 0.019 


0.725 ± 0.008 


2.378 ±0.011 


4358 


21.68 


21.67 


0.57 


3.58 


-5 


0.61 


0.046 


0.321 


1.603 ± 0.017 


0.698 ± 0.022 


2.302 ± 0.020 


4213 


22.07 


22.03 


0.66 


4.00 


-2 


0.46 


0.304 


0.325 


1.613 ± 0.021 


0.688 ± 0.038 


2.301 ± 0.038 


4363 


23.58 


23.78 


0.08 


3.13 


-5 


0.59 


0.091 


0.328 


1.680 ±0.111 


0.703 ± 0.035 


2.383 ± 0.076 


4366 


21.78 


22.47 


0.40 


0.76 


8 


0.93 


0.181 


0.147 


1.131 ±0.017 


0.330 ±0.018 


1.460 ±0.024 



Blakeslee et al. 

TABLE 2 — Continued 



ID I775,tot a !775,gfit b Re" "Ser" T<= b/a f B« S L h (V(S06-«775) («775-Z85o) (V 6 06-Z85o) 



4374 


22 


.01 


22, 


,03 





.21 


4. 


.00 


-4 





.82 





.072 


0. 


029 


1 


.538 


± 





.059 


0. 


591 


± 





,029 


2 


.129 


± 





,030 


4214 


22 


.08 


22 


.18 





.42 


4 


.00 


-1 





.47 


0. 


213 


0, 


320 


1 


.522 


± 





.022 


0. 


630 


± 





,012 


2 


.153 


± 





,014 


4167 


20 


.31 


20 


.63 





.99 


2. 


.60 


-5 





.87 


0. 


115 


0. 


324 


1 


.593 


± 





.010 


0. 


.711 


± 





.016 


2 


.303 


± 





Oil 


4364 


21 


.38 


21 


.46 





.38 


4. 


.00 


-5 





.90 


0. 


044 


0. 


281 


1 


,612 


± 





.037 


0. 


695 


± 





.007 


2 


.307 


± 





,036 


4488 


21 


.58 


21 


.36 





.59 


4 


.00 








.82 


0. 


304 


0. 


126 


1 


,454 


± 





.013 





546 


± 





.008 


2 


,000 


± 





,021 


4212 


23 


.18 


23 


.18 





.26 


4 


.00 


-5 





.81 


0. 


.068 


0. 


331 


1 


,607 


± 





.030 


0. 


676 


± 





.033 


2 


,283 


± 





,028 


4620 


21 


.42 


23 


.36 





.18 


4. 


00 


6 





.78 


0. 


057 


0. 


221 





,970 


± 





.025 


0. 


368 


± 





.020 


1 


.338 


± 





,032 


4717 


23 


.40 


24 


.47 





.36 





.36 


8 





.28 


0. 


.113 


0. 


068 


1 


,358 


± 





.245 





.275 


± 





,135 


1 


.633 


± 





111 


4735 


21 


,41 


21 


.53 





.36 


4 


.00 


-2 





.41 


0. 


203 


0. 


216 


1 


,975 


± 





.015 


0. 


514 


± 





,007 


2 


.489 


± 





,009 


4766 


21 


.22 


21 


.41 





.42 


3. 


.76 


-5 





.98 


0. 


060 


0. 


070 


1 


,628 


± 





.013 


0. 


,729 


± 





,007 


2 


.357 


± 





,009 


4778 


22 


.77 


22 


.87 





.24 


3 


.05 


-2 





.41 


0. 


093 


0. 


104 


1 


,518 


± 





.039 


0. 


,691 


± 





,027 


2 


.209 


± 





,033 


4942 


21 


.82 


21 


.72 





.41 


4 


.00 


-4 





.57 


0. 


.120 


0. 


155 


1 


,520 


± 





.025 


0. 


619 


± 





,010 


2 


.139 


± 





,013 


4954 


21 


.22 


21 


.47 





.67 


1 


.52 


1 





.28 


0. 


.234 


0. 


237 


1 


,289 


± 





.014 


0. 


419 


± 





,014 


1 


.709 


± 





,009 


4987 


21 


.02 


21 


.39 





.32 


2 


.08 


-1 





,42 


0. 


.181 


0. 


119 


1 


,544 


± 





.019 


0. 


594 


± 





,010 


2 


.138 


± 





,013 


4988 


21 


.96 


22 


.05 





.40 


4 


00 


-5 





,82 


0. 


.121 


0. 


121 


1 


,604 


± 





.029 


0. 


682 


± 





,015 


2 


,286 


± 





,018 


5006 


21 


.01 


21 


.09 





.56 


3. 


.40 


-5 





,68 


0. 


.089 


0. 


200 


1 


,674 


± 





.014 


0. 


,747 


± 





010 


2 


.421 


± 





,013 


5048 


23 


.61 


23 


.77 





.19 


1 


.54 


-4 





,81 


0. 


.081 


0. 


214 


1 


,153 


± 





.047 


0. 


,420 


± 





,040 


1 


.573 


± 





,051 


5062 


22 


.18 


22 


.30 





.32 


3. 


.20 


-2 





,27 


0. 


085 


0. 


262 


1 


,579 


± 





.023 


0. 


629 


± 





,020 


2 


,208 


± 





,015 


5072 


22 


.17 


22 


.32 





.19 


4 


.00 


-2 





,51 


0. 


063 


0. 


118 


1 


,619 


± 





.033 


0. 


689 


± 





,018 


2 


,308 


± 





,022 


5099 


22 


.49 


22 


.48 





.21 


3 


.84 


-2 





,65 


0. 


060 


0. 


271 


1 


,639 


± 





.026 


0. 


,724 


± 





,031 


2 


.363 


± 





,018 


5472 


23 


.37 


23 


.39 





.30 


2 


.21 


-4 





,55 


0. 


.140 


0, 


110 


1 


,620 


± 





.044 


0. 


.582 


± 





,035 


2 


,202 


± 





,043 


5532 


22 


,88 


22 


.90 





.26 


4 


.00 


-1 





,58 





133 


0, 


054 


1 


,662 


± 





.039 


0. 


.651 


± 





,027 


2 


.313 


± 





,033 


8107 


23 


,37 


23 


.23 





.41 


2 


.73 


-1 





,55 


0. 


,377 


0, 


037 





,665 


± 





.042 


0. 


.227 


± 





,032 





,892 


± 





,040 


6011 


22 


.57 


23 


.06 





.53 


1 


.75 


6 





,53 


0. 


270 


0, 


001 





,857 


± 





.041 





260 


± 





,029 


1 


.117 


± 





,036 


6304 


21 


,74 


21 


.84 





.26 


4 


.00 


-2 





,59 


0. 


134 


0, 


063 


1 


,712 


± 





.026 





769 


± 





,012 


2 


,481 


± 





,015 


6736 


22 


.22 


22, 


.42 





.63 





.88 


3 





,50 


0. 


375 


0, 


026 


1 


,041 


± 





.034 


0. 


,370 


± 





,020 


1 


,411 


± 





,024 


6995 


21 


.82 


21 


.72 





.95 


1 


.87 


6 





,81 


0. 


315 


0, 


024 





,875 


± 





.025 


0. 


243 


± 





010 


1 


.117 


± 





,013 
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11 
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nn 
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1 
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u. 
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1 

1. 


.z /y 


1 

± 


u 


me 


u. 


C."7Q 

j iy 


1 

± 


u 


X)Zj 


1 
1 


Q CO 


1 

± 


u 


nan 


7835 


22 


.13 


22 


.15 





.31 


4, 


.00 


-2 





,55 


0. 


,154 


0, 


116 


1 


,600 


± 





.031 


0. 


555 


± 





,016 


2 


.154 


± 





,019 


8222 


21 


.89 


21 


.86 





.54 


4, 


.00 


-4 





,85 


0. 


,145 


0, 


100 


1 


,643 


± 





.027 


0. 


,711 


± 





,012 


2 


.354 


± 





,015 


8262 


21 


.46 


21 


.60 





.25 


4, 


.00 


-5 





,91 





,085 


0. 


066 


1 


,586 


± 





.023 





597 


± 





010 


2 


.183 


± 





,013 


8312 


22 


.72 


22 


.76 





.32 


2 


.37 


-1 





,64 


0. 


121 


0, 


128 


1 


,635 


± 





.038 


0. 


664 


± 





,025 


2 


.299 


± 





,030 


8362 


22 


.20 


22 


.08 





.37 


4, 


.00 


-1 





63 


0. 


,097 


0. 


064 


1 


,511 


± 





.046 


0. 


568 


± 





Oil 


2 


.079 


± 





,048 


8456 


21 


.11 


21 


.21 





.51 


4 


.00 


-4 





,75 


0. 


084 


0, 


072 


1 


,650 


± 





.014 


0. 


,733 


± 





,010 


2 


,383 


± 





,013 


8422 


21 


.86 


22 


.10 





.42 


1 


.76 


1 





,86 


0. 


,293 


0, 


084 


1 


,359 


± 





.030 


0. 


538 


± 





,015 


1 


,897 


± 





,018 


8438 


21 


,46 


21 


.34 





.76 


4 


00 


-2 





.54 





282 


0, 


067 


1 


,604 


± 





.018 


0. 


652 


± 





,010 


2 


,256 


± 





,013 


5447 


22 


,46 


22 


.15 


1 


.02 


1 


,44 


3 





.66 


0. 


327 


0, 


080 





,847 


± 





.031 


0. 


192 


± 





,016 


1 


,038 


± 





,019 


5324 


20 


,77 


21 


.36 





.32 


3 


.64 








.75 


0. 


080 


0. 


176 


1 


,675 


± 





.018 





,732 


± 





.010 


2 


,406 


± 





,013 



NOTE. — Coordinates will be published with the spectroscopic membership catalogue (K.-V. Tran et al., in preparation). 

a Adopted total F775W magnitude, based on SExtractor MAG_AUTO corrected by 0.2 mag (see text). 
b Fitted F775W magnitude from GALFIT. 
c Fitted major axis effective radius 
d Fitted Sersic index. 

e Visually classified morphological type from Postman et al. (2005). 
f Fitted axial ratio. 

g Galaxy "bumpiness" parameter defined in text. 

h Surface mass density at galaxy position from Jee et al. (2005b) weak lensing map (see text). 
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TABLE 3 

Offsets and Scatters for RX JO 152. 7-1 357 Color-Magnitude Relations 



Color 


type 


'775, lim 


R a 
"max 


r ■ b 


"g 


Offset d 


-1- 


°obs 


-1- 


°int 


-j- 


*"625-i775 


E 


23.0 






39 


0.002 


0.006 


0.036 


0.006 


0.027 


0.009 


r 625 _ '775 


E+S0 


23.0 






64 


-0.001 


0.006 


0.043 


0.006 


0.034 


0.008 


r 625"2850 


E 


23.0 






39 


0.003 


0.012 


0.075 


0.010 


0.072 


0.010 


r 625"2850 


T7.Cn 


ti n 
ZjV 






a i 
04 


— U.UUj 


U.U1 1 


U.Uoo 


u.uuy 


U.U53 


n nno 

u.uuy 




E 


23.0 


1.1 




25 


0.006 


0.007 


0.035 


0.008 


0.028 


0.011 


^625 -'775 


E+S0 


23.0 


1.1 




34 


0.006 


0.008 


0.042 


0.009 


0.034 


0.011 


^625-2850 


E 


23.0 


1.1 




25 


0.022 


0.017 


0.074 


0.012 


0.072 


0.012 


r 625 _ 2850 


E+S0 


23.0 


1 . 1 




34 


0.020 


0.015 


0.081 


0.01 1 


0.078 


0.012 


'"625-'775 


E 


23.0 




0.1 


24 


0.005 


0.006 


0.030 


0.006 


0.023 


0.009 


^625 -'775 


E+S0 


23.0 




0.1 


33 


0.007 


0.006 


0.032 


0.007 


0.025 


0.009 


^625-2850 


E 


23.0 




0.1 


24 


0.012 


0.013 


0.063 


0.010 


0.060 


0.011 


r 625 — 2850 


E+S0 


23.0 




0. 1 


33 


0.013 


0.013 


0.069 


0.010 


0.067 


0.010 


r 625-'775 


E 


22.5 






29 


0.004 


0.006 


0.033 


0.006 


0.025 


0.009 


'"625 _ '775 


E+S0 


22.5 






46 


0.001 


0.006 


0.039 


0.006 


0.033 


0.007 


^625-2850 


E 


22.5 






29 


0.008 


0.011 


0.065 


0.011 


0.063 


0.012 


^625-2850 


E+S0 


22.5 






46 


0.001 


0.011 


0.076 


0.010 


0.074 


0.011 


'775 _ Z850 


E 


23.0 






39 


0.002 


0.008 


0.047 


0.007 


0.045 


0.007 


'775 _ 2850 


E+S0 


23.0 






64 


-0.005 


0.007 


0.052 


0.006 


0.050 


0.006 


r 625 _ Z850 


SO 


23.0 






25 


-0.023 


0.023 


0.105 


0.020 


0.102 


0.020 


^625-2850 


Late 


23.0 






31 


-0.362 


0.086 


0.399 


0.062 


0.398 


0.062 



a Maximum radius (arcminutes) from the center of the cluster (l.'l = 0.5 Mpc). 
b Minimum surface mass density, based on weak lensing. 
c Number of galaxies in subsample. 

d Color offset in magnitude, based on the biweight location estimator, of galaxies in the subsample from the elliptical galaxy relations given 
in Eqs.[3] 

c Observed color scatter for the subsample based on the biweight scale estimator. 
f Estimated internal color scatter, corrected for measurement error. 



TABLE 4 

Offsets and Scatters for MS 1054-03 Color-Magnitude Relations 



Color 


Type 


'775,lim 


J? a 
Jvmax 


y ■ b 

^min 




Offset d 


± 


fob/ 


± 


o"i„ t f 


± 


V606-'775 


E 


23.0 






46 


0.004 


0.007 


0.049 


0.008 


0.040 


0.010 


V606 - '775 


E+S0 


23.0 






84 


0.012 


0.007 


0.068 


0.010 


0.061 


0.011 


V606-Z850 


E 


23.0 






46 


-0.000 


0.014 


0.082 


0.015 


0.080 


0.015 


^606-2850 


E+S0 


23.0 






84 


0.014 


0.012 


0.114 


0.018 


0.112 


0.019 


%)6 _ '775 


E 


23.0 


i.i 




25 


0.000 


0.010 


0.050 


0.009 


0.040 


0.012 


V606-'775 


E+S0 


23.0 


i.i 




43 


0.010 


0.010 


0.063 


0.013 


0.057 


0.014 


^606-2850 


E 


23.0 


i.i 




25 


-0.008 


0.016 


0.079 


0.019 


0.076 


0.020 


^606-2850 


E+S0 


23.0 


i.i 




43 


0.016 


0.015 


0.090 


0.021 


0.088 


0.022 


V606-'775 


E 


23.0 




0.1 


32 


0.004 


0.008 


0.048 


0.009 


0.039 


0.012 


%)6 _ '775 


E+S0 


23.0 




0.1 


57 


0.009 


0.008 


0.066 


0.014 


0.060 


0.015 


^606 _ Z850 


E 


23.0 




0.1 


32 


0.003 


0.015 


0.082 


0.017 


0.080 


0.017 


V606-2850 


E+S0 


23.0 




0.1 


57 


0.010 


0.015 


0.113 


0.023 


0.111 


0.024 


V606-'775 


E 


22.5 






38 


0.002 


0.007 


0.044 


0.006 


0.036 


0.008 


V606 - '775 


E+S0 


22.5 






66 


0.007 


0.007 


0.058 


0.008 


0.052 


0.009 


^606-2850 


E 


22.5 






38 


-0.002 


0.014 


0.080 


0.012 


0.078 


0.013 


^606-2850 


E+S0 


22.5 






66 


0.005 


0.014 


0.110 


0.017 


0.108 


0.017 


'775-2850 


E 


23.0 






46 


0.002 


0.007 


0.046 


0.007 


0.043 


0.008 


'775-2850 


E+S0 


23.0 






84 


0.006 


0.007 


0.061 


0.010 


0.058 


0.011 


^606-2850 


SO 


23.0 






38 


0.037 


0.032 


0.172 


0.062 


0.171 


0.063 


V606-2850 


Late 


23.0 






29 


-0.793 


0.108 


0.493 


0.064 


0.493 


0.064 



a Maximum radius (arcminutes) from the center of the cluster (l.'l = 0.5 Mpc). 
b Minimum surface mass density, based on weak lensing. 
c Number of galaxies in subsample. 

d Color offset in magnitude, based on the biweight location estimator, of galaxies in the subsample from the elliptical galaxy relations given 
in Eqs.[3] 

e Observed color scatter for the subsample based on the biweight scale estimator. 
f Estimated internal color scatter, corrected for measurement error. 
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TABLE 5 

Residual Correlations with Radius and Density 



Sample 


Cluster radius 


Number density 


Mass density S 


RXJ0152.7-1357 A(r 625 -Z85o) Correlations 


All 

Late 
E+SO 
E 
SO 


0.999, 0.899 
0.304, 0.199 
0.992, 0.800 
0.945, 0.432 
0.916, 0.478 


0.999, 0.983 
0.512, 0.503 
0.998, 0.911 
0.904, 0.750 
0.953, 0.734 


1.000, 1.000 
0.891,0.828 
0.999, 0.983 
0.957, 0.801 
0.993, 0.933 


MS 1054-03 A(V 60 6-Z85o) Correlations 


All 

Late 
E+SO 
E 
SO 


0.957, 0.999 
0.938, 0.839 
0.442, 0.720 
0.256, 0.365 
0.170, 0.405 


0.999, 1.000 
0.998, 0.999 
0.798, 0.555 
0.812, 0.748 
0.270, 0.186 


0.995, 0.999 
0.984, 0.967 
0.557, 0.566 
0.858, 0.883 
0.171, 0.258 



NOTE. — Fractional significances of the correlations of the residuals from the color-magnitude relations with radius, local number density, 
and local mass density. For each correlation, we give the significances based on (1) Spearman rank ordering, (2) Pearson's r. 



